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Abstract 

Title of Dissertation: Study of Serine protease autotransporters of Enterobacteriaceae in 

Citrobacter rodentium pathogenesis 

Vidhya Vijayakumar, Doctor of Philosophy, 2014 

Dissertation Directed by: Dr. James P. Nataro, M.D., Ph.D., M.B.A., Professor and 

Chair, Department of Pediatrics, University of Virginia, School of Medicine 

 

Pathogenic E. coli have evolved to encode unique set of virulence genes that 

define their distinct phenotypes of pathogenesis. However, Serine protease 

autotransporters of Enterobacteriaceae (SPATEs) are encoded by all members of 

pathogenic E. coli implicating their role in pathogenesis is evolutionarily significant. 

Phylogenetically, SPATEs are classified into class 1 that are cytotoxic to epithelial cells 

by causing actin cytoskeletal damage; and class 2 SPATEs that are cytopathic by 

cleaving mucin and O-glycoproteins on hematopoietic cells implicating a role in immune 

evasion. The limitation of host-specificity has challenged in vivo studies to determine the 

role of SPATEs during intestinal infection. In order to determine the role of SPATEs in 

the context of natural infection we sought  the mouse pathogen, C. rodentium that causes 

transmissible murine colonic hyperplasia. C. rodentium encodes 3 SPATEs, Crc1 which 

is homologous to EspC from enteropathogenic E. coli; Crc2 homologous to Pic of 

enteroaggregative E. coli and S. flexneri ; and AdcA which is close to Tsh of avian 

pathogenic E. coli. We found that upon infecting C57BL/6 mice with C. rodentium, the 

Δcrc1 infected group exhibited more weight loss and increased mortality in younger 

animals than C. rodentium wild-type infected mice. This severity in disease and mortality 



 
 

rate was reversed upon restoration of Crc1 in the crc1- repaired infected mice. 

Histologically modest increase in submucosal edema and significantly more infiltration 

of PMN, T and B lymphocytes in the distal colon was observed in the Δcrc1 infected 

mice than the C. rodentium wild-type or crc1-repaired infected groups. Using RT-PCR 

we studied mRNA expression levels of genes encoding various pro-inflammatory 

cytokines in the distal colon. There was several fold induction of cytokines IFNγ, TNFα, 

IL1β, IL6 and iNOS in the Δcrc1 infected in comparison to other infected groups  

correlating with increased infiltration at this site. These studies have shown that deletion 

of Crc1 is associated with exacerbated disease and that Crc1 plays an anti-inflammatory 

role by ameliorating  immune response. Our studies have furthered our understanding of 

SPATEs beyond bacterial colonization and illuminated their role in host immune 

modulation, thereby favoring host survival and possibly prolonged transmission time. 
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Chapter 1: Review of Serine Protease autotransporters of Enterobacteriaceae  

Bacterial secretion systems 

Secretion of proteins to the surface of Gram-negative bacteria necessitates 

passage through the inner membrane (an energy-dependent process), the periplasm and 

the outer membrane.  This formidable series of obstacles can be overcome only by 

sophisticated biological processes. Vast numbers of Gram-negative species have 

exploited remarkably few mechanisms, shared via horizontal genetic exchange. 

Currently, seven major Gram-negative secretion systems (numbered I-VII) are 

recognized. The simplest and most common secretion mechanism falls under the rubric 

of Type V secretion. This category comprises proteins secreted via the autotransporter 

(AT) system (type Va), the two-partner secretion pathway (type Vb) and the recently 

described Oca system (type Vc). Proteins secreted by the AT pathway possess (i) an N-

terminal signal sequence for IM secretion, (ii) a passenger domain that can be surface-

exposed or released into the extracellular milieu and which represents the mature species, 

(iii) a linker region necessary for translocation of the passenger domain through the OM, 

and (iv) a C-terminal beta domain which forms an OM transmembrane pore. 

Classification of ATs 

There are many ATs in the Enterobacteriaceae; they can be divided into three 

distinct categories on the basis of predicted functions of their passenger domains: (i) the 

serine protease ATs of the Enterobacteriaceae (SPATEs), (ii) adhesins homologous to 

the AIDA-I family and (iii) lipases belonging to the GDSL family of serine proteases [1].  
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Structure and classification of SPATEs 

The passenger domain (PD) or the secreted form of SPATEs consists of an N-terminal 

globular domain harboring a characteristic GDSGS; the first serine in this motif forms a 

catalytic triad with a histidine and asparagine residue forming a substrate binding pocket. 

The C-terminus is folded into an elongated β-helical stalk. This β-helical stalk is 

conserved across members of other AT families such as pertactin in B. pertussis and 

trimeric AT YadA in Yersinia enterocolitica. Hence, it was thought to confer structural 

stability to the extracellular protein. However, recent evidence shows that SPATEs are 

capable of forming rope-like, coiled-coil structures under certain growth conditions, 

which enables biofilm formation and bacterial attachment for which the β-helical stalk is 

hypothesized to contribute to this polymerization [2]. The passenger domain is the 

effector domain and is the subject of much phylogenetic and functional analysis. Multiple 

sequence alignment of all the SPATEs annotated in the genome database sheds light on 

the structural features that give rise to the different phylogenetic clusters. Initial studies 

on older SPATEs family proteins gave rise to a simple classification of two families 

called Class 1 and Class 2. They could be distinguished by the presence or absence of a 

domain in the globular N-terminus called domain 2 (C-terminal to the larger domain 1). 

Interestingly the Class1 SPATEs lacking domain 2 were called cytotoxic, and Class2, 

which contained  domain 2, were called cytopathic based on their respective intracellular 

and extracellular proteolytic targets. Ruiz et. al. published an extensive review on the 

phylogenetic analysis including newer members of SPATEs produced by animal 

pathogens.  This delineated a subset of Class 2 SPATEs without domain 2, making this 

no longer the distinguishing feature of the two classes. Instead the globular domain 
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contains additional smaller domains, designated 3 and 4. The class 1 SPATEs feature a 

pair of cysteine residues in domain 3 which are absent in Class 2 members (fig. 1). [58] 

 

 

 

 

 

 

 

 

The proteolytic domain 1 is shown in red, domain 2 in pink, domain 3 in orange 

and   domain 4 in yellow. Class 1 contains two cysteine residues forming a 

disulphide bond in domain 3, which is absent in class 2. The C- terminal beta- 

helical stalk is depicted in blue for EspP and Hbp and in white for AdcA.  

Ruiz-Perez et. al., Cell. Mol. Life Sci. April 2013 

 

Figure 1: Structure of class 1 and class 2 SPATE passenger domain 
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Mechanism of secretion: 

The SPATEs belong to a larger family of ATs that exist in monomeric and trimeric 

forms.  All ATs share the same mechanism of secretion and similar domain architecture. 

However, the SPATEs share certain features, which are more conserved within the 

family. One such feature is the presence of an extended signal peptide. 90% of 

autotransporters carry a classical signal sequence (~ 25 amino acids) of an N-terminal 

basic region, a hydrophobic core and a C-terminus polar region.  This classical signal 

sequence is recognized by the signal recognition particle (SRP) that directs the 

polypeptide to the Sec translocon by co-translational translocation. In contrast, SPATEs 

possess an elongated signal sequence (~50 amino acids) due to an additional N-terminal 

region of ~25 amino acids upstream of the classical SRP dependent signal sequence. This 

highly conserved elongated signal sequence is present in 10% of the ATs family and in 

100% of all SPATEs [3]. One hypothesis suggests that this N-terminal extension prevents 

SRP binding to the SPATE polypeptide, and possibly by binding to an unknown 

cytoplasmic factor, keeps the SPATEs in a translocation competent state for post-

translational translocation. Another hypothesis suggests that the N-terminal extension 

tethers the polypeptide to the sec-translocon after it reaches the periplasmic space thereby 

delaying signal cleavage and release into the periplasm, hence preventing misfolding of 

the PD in the periplasm (fig.2) [3].  
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Figure 2: Model for unusual SPATEs extended signal sequence 

OM 

IM 

 

Unusual autotransporters signal peptides dissociate from the Sec complex and 

become accessible to cleavage by leader peptidase relatively slowly (left). This 

prevents it from folding into a translocation incompetent form. When native 

signal peptide is replaced with typical signal peptide, the PD is released from the 

IM more quickly and misfolds (right). 
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Most of the studies on periplasmic folding, OM translocation and extracellular 

cleavage have been demonstrated in EspP of Enterohemorrhagic E. coli O157:H7. Ruiz 

et. al. showed that periplasmic chaperon protein SurA (a peptidyl-prolyl cis-trans 

isomerase ) and DegP (a protease that degrades misfolded proteins) are important for 

maintaining the EspP passenger domain in a translocation competent state and avoiding 

pre-mature folding or aggregation [4]. They showed that surA directly interacted with the 

N-terminus of the passenger domain by yeast-two hybrid (Y2H) interaction. Next, they 

used surface plasmon resonance (SPR), which revealed specific binding of SurA and 

DegP to the N-terminal half of the passenger domain of EspP only in the unfolded state 

but not in a folded conformation. Furthermore, they showed that deletion of SurA caused 

modest decrease in EspP secretion while DegP deletion caused significant decrease in 

EspP secretion. Interestingly, the beta-barrel expression in the OM remains unchanged in 

the SurA and DegP mutants showing that these chaperones only interacted with the EspP 

passenger domain.  

There are a number of hypotheses to explain the insertion of OM barrel and 

translocation of passenger domain across the outer membrane (OM). It is well known that 

the Bam complex (aka YaeT or Omp85) helps beta-barrel OM proteins to insert into OM 

[5]. Correspondingly, Y2H system experiments suggested interaction between the EspP-β 

domain and BamA [4].  However, translocation of the passenger domain has been 

explained by different models. The beta-barrel has a diameter of 10A° and hence can 

accommodate only a single polypeptide in an alpha-helical conformation or two strands 

forming a hairpin. One model suggests that the Bam complex interacts with the passenger 

domain as well as the beta barrel domain at specific amino acid sites. Photo-crosslinking 
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experiments with EspP that has incorporated a photo-activable amino acid at certain 

residues in the passenger domain pulled down the BamA protein after 

immunoprecipitation of the protein complex [6]. However, the prevailing model for 

translocation of SPATEs remains the hairpin model wherein, the C terminal end of the 

PD first forms a hairpin loop in the periplasmic side and remaining polypeptide is 

threaded through the beta-barrel in a C to N direction [3].  

The structure of the secreted form of SPATEs consists of a large β-helical stalk 

and a globular subdomain that harbors the serine protease catalytic triad. The C-terminal 

part of the PD harbors the approximately 30 amino acid linker region that connects the β-

domain and the PD and is necessary for folding and stability of the β-domain. Dautin and 

Bernstein constructed several EspP site mutants in the C-terminal linker region and 

deletion of terminal 100 residues of the PD to study the importance of a C-terminal 

“core” segment in passenger domain translocation and initial folding [7]. This group 

studied the folding kinetics of EspP by tryptophan fluorescence and pulse-chase, with or 

without extracellular proteinase K digestion during translocation across OM. They 

showed that the initial steps of PD folding involves the formation of a 17kDa protease 

resistant core fragment exposed outside the OM that was released into the supernatant 

during the initial time points of extracellular proteinase K digestion. This core segment 

was hypothesized to trigger the vectorial folding of the beta helical stalk and is the rate-

limiting step of PD translocation and cleavage. The truncated EspP lacking the C-

terminal core residues was able to translocate across OM but could not undergo complete 

folding and was impaired in cleavage [7].  
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While a number of autotransporters remain attached to the beta-barrel acting like an 

adhesin, the SPATE family of ATs is secreted after cleavage at an FxxEVNNLNK motif 

in the linker region between the passenger and beta-barrel domain after the first 

asparagine. The cleavage occurs between two asparagine residues. While ATs such as 

NalP, IgA1 protease and Hap are cleaved by their putative endogenous serine protease 

activity [8, 9] mutation of the catalytic serine in SPATEs still  

causes processing and release of the passenger domain showing that SPATEs have 

evolved another mechanism of passenger domain cleavage before release.  The high 

conservation of sequences around the cleavage site and residues inside the beta barrel 

suggested that proteolytic action could occur inside the beta domain. Single amino acid 

mutagenesis of key catalytic residues conserved in all SPATEs lead to the discovery of 

aspartate 1120 present inside the beta barrel cavity as a key for proteolytic cleavage. 

Asp1120 positioned close to Asn1023 performs a nucleophilic attack on the Asn1023-

Asn1024 peptide bond leading to cyclization of Asn1023 which is ultimately hydrolyzed 

to Asparagine or iso-asparagine (fig. 3) [10].  
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The β-domain is highly conserved among SPATEs and consists of a 12-stranded 

β-barrel, a short N-terminal α-helix, and a short linker loop. The OM barrel crystal 

structure post cleavage was solved by Dauntin et. al. [11]. They showed that the C-

terminal short α-helix that remains after passenger release is plugged perpendicular to the 

axis of the beta domain to maintain OM integrity. On the extracellular surface, the crystal 

structure revealed loop 5 of the OM barrel folded into the cavity to avoid extracellular 

solvent entry.  

Figure 3: Proposed mechanism of SPATE autocatalytic processing 

After translocation of passenger domain across OM the amide group of 

Asn1023 positioned close to Asp1120 forms a hydrogen bond (shown in red). 

Next amide group of Asn1023 mediates a nucleophilic attack on Asn1023-

Asn1024 peptide bond (arrow) generating a succinimide intermediate that is 

subsequently hydrolysed into asparagine or iso-asparagine. 

 Dautin et. al., Annual reviews in Mircobiology, 2007 
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Figure 4: Ribbon diagram of beta- barrel domain 

Aromatic side chains lining inside and outside surface of the OM are shown in 

purple. Extracellular loops (L1-L6) and linker loop are labeled. 

Nature Struc. Mol. Biology November 2007 
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Role of SPATEs in pathogenesis 

 
SPATEs have been extensively studied for their proteolytic targets in vitro by 

recombinant and purified protein cleavage.   Class 1 SPATEs cause cytotoxicity of 

mammalian cells and more often than not, Class 2 are able to cleave mucin and other O-

glycoproteins expressed on the surface of epithelial cells and hematopoietic cells 

respectively. In this section, we shall briefly review some of the targets and cellular 

damage induced by SPATEs. 

Class1 SPATEs - EspP, Pet, EspC, Sat, SigA 

EspP (Extracellular serine protease-plasmid encoded) was first isolated from an 

E. coli O157:H7 strain [12] and was later found to be strongly associated with several 

serogroups of EHEC, STEC [13] and atypical EPEC strains. EspP cleaves human 

coagulation factor V, which is important for blood clotting. Hence cleavage of 

coagulation factor V locally by EspP in the gastrointestinal tract has been hypothesized to 

cause EHEC-induced hemorrhagic colitis and bloody diarrhea [12]. A different group 

showed that EspP was able to cause loss of tight junction integrity in vero cells after EspP 

incubation for 5 to 10 hours [13]. Another putative role of EspP in virulence was 

suggested when EHEC strains harboring EspP were shown to form macroscopic rope-like 

structures when grown in DMEM media. Further microscopic analysis showed that the 

rope-like structure was a coiled coil, beta-helix-rich structure made of polymerized EspP. 

Its function was attributed to formation of biofilms and act as a substratum for bacterial 

adherence [2]. The only in vivo role for EspP was shown in EHEC colonization of calf 

intestine. EspP deletion caused statistically significant reduction of colonization levels of 

EHEC [14]. 
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Pet (Plasmid encoded toxin) was first recognized when sera, from children 

affected by an EAEC diarrheal outbreak in Mexico, reacted with EAEC supernatant 

proteins [15]. Crude extracts of this protein caused rises in short-circuit current in rat 

jejunal tissue mounted in the Ussing chamber [16]. Further cytotoxic effects of Pet were 

shown in an in vitro organ culture model (IVOC), where the EAEC wild type induced 

severe crypt dilation, opening of intestinal crevices and more exfoliation of mucosal 

epithelial cells than the Pet mutant [17]. Consequently, mucosal toxicity and exfoliation 

of intestinal cells during EAEC induced diarrhea was attributed to Pet. Pet was the first 

class 1 toxin to be characterized as a bacterial cytotoxin that cleaves alpha-fodrin (a.k.a. 

non-erythroid spectrin), a cytoskeletal protein that links integral membrane proteins with 

actin filaments [18]. The mechanism of Pet intoxication was also extensively 

characterized in Hep-2 cells [19]. After clathrin dependent endocytosis[20], Pet was 

shown to colocalize with Golgi complex within 30 minutes after treatment, and with ER 

associated protein calnexin within 45 minutes after treatment. One hour after Pet 

endocytosis, it colocalized with the Sec61 translocon present in the ER membrane 

proving that Pet enters the cytosol via the ERAD (Endoplasmic Reticulum Associated 

protein Degradation) pathway to gain access to cytosolic fodrin [21]. Specifically, Pet 

cleaves the 11
th

 repetitive unit of alpha-fodrin, which comprises the calmodulin-binding 

domain of fodrin [22]. Another interesting phenotype of Pet-induced intoxication was 

redistribution of the focal adhesion complex due to cleavage of FAK (focal adhesion 

kinase), an early phenomenon that occurs along with fodrin cleavage [23]. These events 

lead to cytoskeletal disruption and cell exfoliation. 
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EspC (E. coli secreted protein C) was discovered as a chromosomally encoded 

Type V secretion effector in enteropathogenic E. coli located in a G/C rich pathogenicity 

island [24]. EspC is one of the non-LEE (locus of enterocyte effacement) encoded 

virulence factors that are regulated by Ler (the LEE encoded regulator) virulence 

regulator in attaching and effacing (A/E) pathogens [25]. Hence, initial work involved 

studying the role of EspC in the A/E property of EPEC. However, deletion of EspC did 

not affect the adherence of EPEC to epithelial cells or cytoskeletal changes associated 

with A/E lesion formation [26]. Since EspC,  a close homolog of Pet, it was tested on rat 

jejunal tissue mounted on Ussing chambers and found to cause a rise in short circuit 

current not unlike Pet [24]. Subsequently, EspC was also compared with Pet in its ability 

to cause cytotoxicity to HEp-2 cells. EspC, after cell entry caused cell rounding and 

detachment of HEp-2 cells similar to Pet, but at 4 times higher concentration and longer 

time period of up to 8 hours (fig. 5) [27]. Even though EspC was able to bind to fodrin in 

vitro, it did not cause fodrin redistribution into aggregates in the damaged cells. This was 

attributed to the differential proteolytic specificity of EspC to fodrin cleavage; i.e. EspC 

cleaved fodrin at two sites both outside of the calmodulin-binding domain of fodrin [27].  

Lastly, competitive binding assay using excess Pet to inhibit EspC cytotoxicity and vice 

versa did not cause any inhibition proving that EspC and Pet cause cytoskeletal damage 

by different pathways [27]. The high dosage of EspC and prolonged incubation times for 

effecting cytotoxicity raised questions on the physiological mode of EspC entry into 

epithelial cells. When EPEC rather than just EspC was applied to HEp-2 cell, EspC 

internalization to the host cell cytoplasm was enhanced to within 3 hours after infection, 

relative to 8 hours with purified EspC, suggesting that a bacterial encoded factor 
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accelerates toxin delivery [28]. Since EspC is under control of Ler, which also activates 

the Type 3 secretion system (T3SS), a role for T3SS was hypothesized. Consequently, 

EspC internalization was impaired upon deletion of EscN, EscF or EspA, the 

translocation subunits of the T3SS machinery [29]. Protein overlay experiments showed 

direct interaction between EspC and EspA, the pore forming subunit of T3SS, hence 

showing for the first time cross talk between two bacterial secretion systems. 

Interestingly, immuno-colocalization experiments showed EspC enters the host cells at 

the site directly under actin pedestals effected by the T3SS of EPEC [29]. 

 

 

 

 

 

 

 

Untreated HEp-2 cells (left), EspC 120 μg/ml for 8 hours (center), Pet 40 μg/ml for 4 

hours (right). Nataro et. al. IAI June 2004 

Figure 5: Cytotoxic effect of EspC and Pet on HEp-2 cells. 
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SigA (Shigella IgA1-protease-like) was originally discovered in the she 

pathogenicity island of Shigella flexneri along with another SPATE, Pic, and an Ag43- 

like autotransporter [30]. Wild type S. flexneri carrying SigA caused more fluid 

accumulation in rabbit ileal loop infection model than the SigA mutant [31]. SigA also 

cleaves fodrin at the calmodulin-biding domain, caused HEp-2 cell cytotoxicity and 

abnormal fodrin redistribution, a phenomenon it shares with Pet [32]. High levels of anti-

SigA titers have been detected in infected induviduals [32] as well as patients with 

inflammatory bowel disease [33]. Hence SigA is a putative candidate for developing 

vaccines for Shigella-induced dysentery.  

Sat (Secreted autotransporter toxin) was identified in CFT073, a uropathogenic E. 

coli isolated from the blood and urine of a woman with acute polynephritis. Even though 

Sat is also present in fecal E. coli isolates, the protein is expressed predominantly in 

pyelonephritis-associated UPEC strains and UTI-associated Afa/Dr DAEC (diffusely 

adhering E. coli) strains [33]. One study analyzing the phylogenetic distribution of 

SPATEs in ECOR strain collection, found that Sat was the most common SPATE (56%) 

in UTI isolates, more than in diarrheagenic or commensal strains [34]. Upon testing the 

cytotoxic activity of Sat in a number of cell lines, it was found to be cytopathic not only 

to HEp-2 cells but also Vero cells, human bladder and kidney cells [35].  Sat treatment 

caused an apparent loosening of tight cell junction in Vero cells at 25µg/ml but, the 

cytotoxicity of Sat was most efficient in human kidney epithelial cells and bladder cells 

within 1 hour after Sat treatment of concentrations as low as 10µg/ml. Morphological 

changes included rounding and membrane ruffling of bladder cells and elongation of 

kidney cells. Another distinct effect of Sat was induction of cytoplasmic vacuolation in 
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bladder and kidney epithelial cell (fig. 6) [36].  

The role of Sat was studied using an experimental upper urinary tract infection 

(UTI) model. Mice infected with wild type CFT073 but not the Sat mutant, showed 

dissolution of the glomerular membrane, loss of tubular epithelial cells and cytoplasmic 

vacuolation of kidney tissue [36]. The putative cellular targets of Sat in bladder and 

kidney epithelial cells were determined by mass-spectrometry of degraded proteins from 

different cellular compartments treated with Sat or the Sat serine protease site mutant (Sat 

S256I). Sat was found to cleave the classical Class1 SPATE target fodrin, another target 

homologous to LFA1- a beta2 integrin family member and several proteins in the nuclear 

fraction [37]. However, sub-cellular fractionation of kidney and bladder cells showed that 

Sat was localized only in the cytoskeletal fraction but not in the membrane, cytosolic or 

nuclear fractions [37]. Another group studied the contribution of Sat in DAEC 

pathogenesis [38]. Sat was responsible for lesions in tight junctional domain of polarized 

Caco-2/TC7 monolayers. Sat modified the distribution of tight junction proteins ZO-1, 

ZO-3, occludin and to a lesser extent claudin and seemed to cause a break in the 

boundary between the cell junctions resulting in increase in the para-cellular permeability 

in the mucosal to serosal direction [38].  

More recently, Sat was discovered to cause autophagy in HeLa cell lines. The 

autophagy was preceded by actin cytoskeletal modifications, and followed by cell 

detachment. Interestingly, the cytoskeletal protein fodrin was not affected but actin 

binding proteins paxillin and vinculin were found to be redistributed in infected cells. 

This effect was dependent on Sat internalization. The detached cells however did not 

show markers for apoptosis or necrosis [39]. 
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Figure 6: Cytopathic effect of Sat on human kidney cells. 

Concentrated supernatants of E.coli (pDG4) overexpressing Sat was 

incubated with monolayers of human kidney epithelial cells for 1 hour at 

37°C. Cells were stained with Geimsa stain and photographed at 100X 

magnification. Mobley et. al., IAI 2002 
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Class II SPATEs (Tsh/ Hbp, Vat, Pic, SepA, EatA) 

Tsh (temperature sensitive hemagglutinin) was the first autotransporter of the 

SPATE family to be discovered and in avian pathogenic E. coli [40, 41]. It was 

discovered as a temperature sensitive hemagglutinin that caused agglutination of chicken 

erythrocytes at low temperatures of 26
°
C but, reduced activity at 37

°
C and no activity at 

42
°
C [40]. TnphoA mutagenesis showed that Tsh was an exported protein that shared 

homology with the serine-type IgA1 proteases of N. gonorrhea and H. influenza [41]. 

Binding studies of Tsh with extracellular matrix (ECM) proteins showed that Tsh bound 

to fibronectin collagen IV and mucin in a dose dependent way and that the catalytic 

serine was not required for binding to these substrates [42]. In a multiplex PCR study of 

SPATE prevalence, Tsh and Vat were the most significantly associated with APEC 

isolates [34]. 

Hbp (hemoglobin binding protease) was discovered independently in E. coli 

(EB1) isolated from an intra-abdominal wound infection [43]. Upon sequencing it was 

found to differ from Tsh by two amino acids. Bacteria sense and respond to extracellular 

iron by heme acquisition and accordingly regulate their virulence genes. Hbp/Tsh was 

hypothesized to bind to heme as an iron acquiring protein. Heme-affinity chromatography 

revealed that Hbp scavenges heme from its environment, interacts specifically with 

human hemoglobin, degrades it, and subsequently binds the released heme [43].  

Subsequently its closest homolog Tsh was also shown to bind to hemoglobin in sheep 

erythrocytes [42]. There was a high correlation between E. coli strains that carried Hbp 

and Bacteroides fragilis induced abscess formation in intra-abdominal infections. The 
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Hbp producing E. coli existed in synergy with B. fragilis by acquiring heme for growth of 

B. fragilis in the iron deprived microenvironment of the abscess [44]. 

Vat (Vacuolating Autotransporter) is encoded in the Vat pathogenicity island 

(Vat-PAI) in avian pathogenic E. coli (APEC) that causes respiratory disease, septicemia, 

swollen head syndrome and cellulitis in young broilers. Vat caused vacuolation of 

chicken embryo fibroblasts and primary chicken kidneys cells similar to VacA toxin of 

H. pylori. Interestingly, the typical SPATE proteolytic motif GDSGSP was replaced by  

ATSGSP in Vat toxin. Infection of chicken with wild type but not the Vat null mutant 

strain of APEC caused severe-to-moderate lesions of air sacculitis and septicemia. Vat 

was detected in the supernatant only at 37
°
C and not at lower temperatures, showing 

thermoregulation like Tsh.  

Pic (protein involved in colonization) was identified in EAEC strain 042 [45] and 

Shigella flexneri [46] chromosome and also found prevalent in uropathogenic E. coli 

(UPEC) [47] called PicU. Initial characterization of Pic showed it had mucinase activity, 

conferred serum resistance and caused hemagglutination of RBCs [45]. Upon sequencing, 

the anti-sense strand of the pic gene of EAEC also encodes set1A and set1B genes, the 

Shigella enterotoxins. The lectin-like property of Pic and subsequently other Class II 

SPATEs was first observed when pretreatment of Pic with monosaccharide sugars like 

GlcNac, GalNac and NANA reduced its mucinase activity. Conversely, de-glycosylation 

of mucin reduced its Pic-mediated degradation [48]. This observation led to test whether 

Pic conferred a growth advantage in the presence of mucin. Subsequently, EAEC grown 

in the presence of cecal mucus or in minimal media supplemented with mucin showed 

increase in growth in wild type than the pic mutant. Additionally, streptomycin treated 
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mice upon co-infection with EAEC and its pic mutant, showed that the wild type 

outcompeted the mutant in colonizing the mouse GI tract [49]. The mucinase activity of 

Pic was elicited in an in vivo animal model of rat ileal loop infection. Wild-type EAEC, 

S. flexneri and UPEC strains but not the pic mutants showed hypersecretion of mucin into 

the ileal lumen as shown by glycoprotein calorimetric quantification of mucin as well as 

histopathological assay for mucin by alcian blue staining [50]. Finally, the most recent 

observation of proteolytic activity of Pic lead to study of SPATEs in immune-

modulation. The cleavage of the heavily O-glycosylated mucin by Pic was extrapolated 

to other O-glycoproteins CD43 (sialomucin), CD45, CD44 and PSGL1 (CD162), 

expressed on hematopoietic cells. Pic recognizes its target molecule at the O-glycosylated 

serine/ threonine residues and cleaves at that site. Upon cleavage of PSGL1 on 

neutrophils, Pic caused PMN oxidative burst, impairment of chemotaxis and 

transmigration across endothelial monolayers. Crosslinking of CD45 on activated T cells 

lead to apoptosis by Pic. These findings have paved way for further research on SPATEs 

targeting innate and adaptive immune cells during enteric infection [51]. 

SepA (Shigella extracellular protein A) originally found in Shigella flexneri was 

also encoded by strains of EAEC. Mutation to delete the gene encoding SepA did not 

alter the ability of cellular invasion or inter-cellular mobility of Shigella. However, rabbit 

ileal loop infections showed that the SepA mutant was attenuated in fluid accumulation, 

crypt length and PMN infiltrates [52]. The only characterization of SepA proteolytic 

activity was done using synthetic peptides and it was found to cleave adjacent to 

phenylalanine residue in long peptide calorimetric substrates [53]. In spite of its frequent 
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occurrence in virulent strains [54, 55], a physiologic target of SepA is yet to be 

discovered.  

EatA (ETEC autotransporter A) is a plasmid-encoded SPATE discovered in 

ETEC strain H10407. It was mostly closely related to SepA, accordingly, its proteolytic 

activity on synthetic peptides was similar to that of SepA. Upon infection of wild-type 

and eatA deleted strain of ETEC in rabbit ileal loops, there was no difference in fluid 

accumulation and histopathology at 16h post infection. However, at 7h post-infection the 

wild type but not the eatA mutant had increased fluid accumulation and focal areas of 

mucosal destruction. Hence, EatA was attributed to accelerated ETEC virulence [56]. 

Another study proved that EatA targeted EtpA (an ETEC adhesin) for degradation 

thereby reducing ETEC adherence to epithelial cells. As a result deletion of the EatA 

gene caused a hyper-adherent phenotype where in the heat labile (LT) toxin delivery was 

impaired as shown by cAMP activation in epithelial cells. This showed for the first time, 

a SPATE toxin that targets bacterial glycoprotein for degradation, and a means which 

bacteria could modulate its adherence and hence efficiently deliver its toxin [57].  

The family of SPATEs is continuously expanding and more SPATEs are being 

annotated in newly sequenced virulent strains and diarrheal outbreak strains [55]. 

Simultaneously, SPATEs, are also encoded by animal pathogens such as Citrobacter 

rodentium, rabbit pathogenic E. coli (REPEC), Edwardsiella spp., swine Ex-PEC etc. 

[58]. While more SPATEs are indeed being characterized for their proteolytic targets and 

possible role in virulence, the model of pathogenesis needs to be physiologically relevant 

keeping in mind the host specificity and colonization niche of these highly evolved 

pathogens.  
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Prevalence of SPATEs  

The prevalence of SPATEs has been studied to analyze the distribution of 

SPATEs in certain phylogenetic groups of E. coli. The E. coli reference collection 

(ECOR) consists of 72 different E. coli strains isolated from different hosts and 

geographical location to include commensal, diarrheagenic, extra-intestinal, avian 

pathogenic E. coli etc. Study of the distribution of SPATEs in this collection revealed 

certain correlation between different pathotypes of E. coli and the SPATEs they encoded. 

SPATEs vat, sat and picU were predominantly encoded in UTI isolates compared to 

commensal and diarrheagenic groups. The most common SPATE among UTI isolates 

was sat. SPATEs tsh and vat were significantly associated with APEC. In fact, the strains 

containing tsh and vat belonged to the high virulence lethality class I of APEC isolates. 

SPATEs sepA, espC and espP were associated with diarrheagenic E. coli [34]. Another 

study analyzed the prevalence of SPATEs in 55 isolates of EAEC, and 10 strains each of 

EPEC, ETEC, EHEC, EIEC DAEC and 12 isolates of Shigella [54]. This study showed 

that 94.5% of EAEC strains harbored at least one SPATE gene including members of 

class I (Pet, Sat, SigA, EspP) and/or class II (Pic, SepA, Tsh). Of these strains,  67.3% 

encoded one class 1 and one class 2 (fig. 7). In EAEC, sat was the most common SPATE 

(74.5%). Among other class 1 SPATEs were pet (9.1%), sigA (7.3%), espP (3.6%). The 

most common class 2 SPATEs were pic (63.6%) and sepA (38.2%). Interestingly certain 

SPATEs also correlated with the presence of Aggregative Adherence Fimbria. All the 

strains that harbored the AAF/II pilin gene cluster also contained Pet but not SigA or Sat, 

suggesting functional linkage of these factors. Strains encoding AAF/I or AAF/IV were 

commonly also found to encode SigA or Sat, but not Pet. Unlike EAEC, pet, sat, sepA 
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and sigA were not that common in EHEC, EPEC or DAEC isolates. Among the 12 

isolates of Shigella, all of them encoded either SigA or Sat and 4 of them encoded both. 

Interestingly 6 of the 10 EIEC encoded only SigA suggesting SigA might play an 

important role in intracellular pathogenesis [54].  

 

 

 

 

 

 

 

 

 

 

 

 

Another study analyzed the distribution of pic and tsh in clinical isolates from 

patients diagnosed with polynephritis and cystitis. Pic was found to be present in 31% of 

polynephritis isolates and 15% of cystitis isolates. Tsh was present in in 61% of 

polynephritis and 65% of cystitis isolates, suggesting that tsh is more frequently 

associated with urinary tract infections [47]. The high prevalence of SPATEs in 

pathogenic E. coli and Shigella, warrant the study of SPATEs to further understand the 

pathogenesis of enteric and extra-intestinal pathogens. 

Boisen et. al Am. J. Trop. Med. Hyg. Feb. 2009  

 

Figure 7: Distribution of class 1 and class 2 

SPATEs in 55 strains of EAEC 



24 
 

Chapter 2: Study of SPATEs using an in vivo model of murine colonic hyperplasia 

While one can appreciate that SPATEs have evolved into highly specialized 

machines of pathogenesis, what remains to be characterized is a role for SPATEs in vivo 

during a natural infection of the host. Animal models for intestinal infections help to 

determine the interactions between bacterial pathogens and host immune defenses, 

although the notorious host specificity of diarrheal pathogens has limited use of animals 

for most pathogens. Thus, animal models for diarrhea typically comprised such 

manipulated systems as the streptomycin treated mice or germ-free mice that were orally 

gavaged with the pathogen of interest. In some cases, neonatal mice or rabbits were also 

used to study susceptibility. Even though these models give information about 

colonization and rate of fecal shedding, the animals rarely show signs of disease such a 

weight loss and diarrhea. 

Citrobacter rodentium pathogenesis 

Citrobacter rodentium, originally known as Citrobacter fruendii biotype 4280 

was isolated from a diarrheal outbreak in mouse colonies in Argonne National Laboratory 

during the late 1960s. The isolated pathogen fulfilled Koch’s postulates of causing 

transmissible murine colonic hyperplasia (TMCH) in germ free mice [59]. While 

infection of adult mice produces little morbidity and mortality, suckling mice are more 

susceptible and suffer weight loss, soft feces, coat ruffling, hunched posture and in severe 

cases, rectal prolapse [59]. Microscopic analysis of infected colonic tissue shows marked 

epithelial hyperplasia, apoptosis, leukocyte infiltration and depletion in goblet cell 

number [59].  Bacterial colonization is usually confined to the surface mucosa and 

mesenteric lymph node [60], however, reports show that bacteria have been recovered 
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from spleen and liver in certain KO mice strains [61] [62] [63]. Transmission electron 

micrographs of infected epithelial cells show intimate attachment of bacteria and 

formation of actin pedestal structures indistinguishable from EPEC and EHEC induced 

A/E lesions [64]. Indeed C. rodentium is the only known mouse pathogen to possess the 

LEE pathogenicity island, making it an excellent model to study A/E pathogenesis.  

While C. rodentium successfully colonizes most laboratory strains of mice, the 

susceptibility varies depending on age and strain. In 3 to 4 week old mice, BALB/c and 

NIH Swiss mice exhibit 100% survival. C3H/HeJ mice are highly susceptible, succumb 

to high bacterial loads and exhibit 100% mortality during days 6 to 10. C57BL/6 mice 

exhibit zero to 20% mortality but develop a robust immune response to C. rodentium and 

successfully clear the infection in 4 weeks [60].  Hence we have adopted this strain for 

our studies. 

Genome of C. rodentium 

 
The genome of C. rodentium consists of a 5.3 Mbp chromosome and 4 plasmids- 

pCROD1, pCROD2, pCROD3 and pCRP3. Annotation of the C. rodentium genome 

provides insight into the virulence genes that are likely to contribute to disease. Some of 

the potential virulence genes include a type 2 secretion system, LEE encoded T3SS and 

effectors, 2 clusters of putative Type 6 secretion systems, multiple Type 1 secretion 

systems, 19 fimbrial adhesins including kfc chaperone-usher fimbrial operon [65], a 

homolog of dispersin (Aap) in EAEC, RegA (an AraC family transcriptional activator), a 

quorum sensing locus, the pho regulon, and lastly 20 putative type 5 secretion system 

autotransporters [66]. Fourteen of these encode adhesins related to AIDA-I, TibA or 
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pertactin of EPEC, ETEC and B. pertussis respectively. Three of the ATs encode full 

length SPATEs: 1 located in the chromosome called AdcA (accession number 

CBG90828) and 2 in the plasmid pCROD1. Based on our expertise in SPATE 

characterization and phylogenetic analysis we named one SPATE Crc1 (for C. rodentium 

class 1; accession number: YP_003368469) and Crc2 (for C. rodentium class 

2;YP_003368482). So far no published work has been reported in characterization of 

Crc1 or Crc2 or their roles in C. rodentium pathogenesis. AdcA on the other hand was 

mistakenly considered an AIDA-I homolog [65], while in fact it contains all the 

necessary motifs to be classified as a SPATE toxin. We, in our lab, have been able to 

confirm the secretion of all three SPATEs in their full-length form in bacterial culture 

supernatants [88].  

Another striking aspect of the C. rodentium genome is the presence of several IS 

elements and prophage- like sequences, genomic islands with aberrant G/C content 

indicative of a recently evolved pathogen. In fact, a number of pathogenicity islands of C. 

rodentium are flanked by IS elements showing evidence for horizontal gene transfer. C. 

rodentium also contains a number of pseudogenes as a result of insertional inactivation 

by mobile genetic elements, frame-shift mutations and premature stop codons. It is 

noteworthy to mention insertional inactivation of the flagellar biosynthesis genes a result 

of which C. rodentium does not contain flagella, an unusual aspect for Enterobacteriaceae 

[67].  

C. rodentium clusters phylogenetically with other Enterobacteriaceae, such as 

diarrheagenic EPEC, EHEC, and Salmonella spp., although the majority of these genes 

are also present in non-pathogenic E. coli K-12, showing that these encode for core 
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enterobacterial functions (fig. 8). However, there are also a significant number of genes 

that are unique to C. rodentium, EPEC, EHEC not encoded in K-12. These are present 

mostly in genomic islands or prophages suggesting a convergently evolved common 

virulence strategy of A/E pathogens.  

  

Figure 8: Phylogenetic relationship of C. rodentium to various 

enteric bacteria 

Phylogenetic relationship of C. rodentium to various enteric bacteria 

based on nucleotide sequences of seven housekeeping genes (adk, 

fumC, gyrB, icd, mdh, purA, and recA).  

Petty N. K. et. al., J. Bacteriology 2010 
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Immune response to C. rodentium infection 

Early studies showed that mice infected with C. rodentium mount a Th1-dominant  

immune response, including  up regulation of pro-inflammatory cytokines, infiltration of 

CD4+ T cells, mononuclear cells and PMNs [68]. Histopathological lesions of infected 

tissue included increase in crypt length, epithelial erosions and  submucosal edema [68]. 

In order to determine the role of the adaptive immune response, 3-4 week old C57BL/6 

RAG1 -/- mice were infected with C. rodentium. Interestingly, during the first two weeks 

there was a similar trend in weight loss, increase in crypt length between the wild-type 

and RAG1-/- mice, but during later stages (after 2 weeks) RAG1 -/- mice suffered from 

less weight loss, reduced severity in histopathological lesions compared with the wild 

type mice. However, while the wild type mice recovered after 3 weeks with less than 

20% mortality (deaths occurring during days 10 to 14 p.i.), the RAG KO mice were 

chronically infected and exhibited 60% mortality between day 14 to 18 p.i. The RAG1 -/- 

mice that survived showed heavy colonization of C. rodentium in the colon as opposed to 

the wild type that had started clearing the infection by 3 weeks. This showed that while 

innate immunity was responsible for the initial acute response, the tissue pathology and 

inflammation in after two weeks was mediated by T and B lymphocytes [69]. Mice 

lacking B cells and CD4 but not CD8 T cells succumbed to infection. Interestingly, 

transfer of convalescent serum from infected mice into CD4
-/-

 mice conferred protection 

to C. rodentium, implicating the role of CD4 helper dependent humoral response (fig.9) 

[70].   
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Figure 9: Survival curve of mice lacking various 

immune cell subsets 

3 week old C57BL/6 mice lacking different immune cells subsets were 

infected orally with 5×10
7 

(×) or 5×10
8
 cfu (∆) of C. rodentium and 

monitored for survival. Brenner et. al., Journal of Immunology, January 

2004 
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Cytokines important to C. rodentium immune response 

C. rodentium has been used to define the immune responses and the cytokines 

important for clearing infection of A/E pathogens. Initial studies showed that infected 

mice had elevated levels of IL12, IFN-γ, TNF-α and IL-1 in the colonic epithelium [68]. 

This was confirmed when knocking-out IFN-γ or IL-12p40 caused delayed bacterial 

clearance, severe histological lesions such as crypt abscesses and mucosal erosion and 

increased CD4+ T cells infiltration in the distal colon [61]. However, some 

immunologists argue that there could be a Th17 component in the immune response due 

to the presence of TNF-α, which is associated with chronic inflammation such as in 

Inflammatory Bowel disease (IBD) patients [71].  Indeed C. rodentium infection also 

caused increase in the transcripts of Th17 cytokines- IL-17 and IL-6 [71]. One should 

also note that these studies could have been subjected to a confirmation bias as the 

original Th1 characterization was performed in NIH Swiss mice followed by IL12p40 -/- 

and IFN -/- studies in C57BL/6 mice; the Th17 cytokines were observed in BALB/c 

mice. Studies have shown that different mouse strains have skewed immune responses 

favoring one immunological pathway versus another [72]. It is likely that both Th1 and 

Th17 immune responses are important for extracellular bacterial clearance  

The immune response induced by C. rodentium seems to invoke a complex 

interplay of different inflammatory cytokines (chronic and acute phase), but certain 

observations can be derived from knocking out these cytokines. For example in C57BL/6 

mice, IL-12 and IFN-γ seem to play an important role in reducing tissue damage and 

deeper penetration of bacterial infection by increasing the expression of mouse β-

defensin-3 [61]. Similarly, mice lacking IL-6 also suffer from enhanced pathology, 
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drastic increase in apoptosis of colonic epithelial cells and increased bacterial infection in 

intestinal crypts [62]. Intracellular pathogens interfere with iNOS production of reactive 

nitrogen intermediates that exert anti-microbial effects inside macrophages [73]. Using 

the C. rodentium model, Finlay et. al. showed that iNOS is expressed by epithelial cells 

as well and contributes to modest increase in bacterial clearance [74]. Finally, Ouyanget 

et al, showed that IL-22 was upregulated during early stages and important for early 

defenses against C. rodentium infection. Also, the major IL22-producing cells where not 

lymphocytes but dendritic cells and E-cadherin- positive epithelial cells showing this 

could be an early innate mechanism. Knocking out IL-22 production caused down-

regulation of several members in the Reg family of anti-microbial proteins [63]. The 

common theme however, in knocking out these cytokines is compromise of epithelial 

barrier and colonization of C. rodentium in deeper intestinal crypts and extra-intestinal 

colonization in the spleen and/or liver, highlighting the role of these cytokines as 

regulators of anti-microbial immune responses.  
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Dissertation goals 

 SPATEs constitute a single family of secreted toxins that are present across all E. 

coli pathotypes and in several other enteric pathogens. Beyond their protease activity and 

their cytotoxic/cytopathic effects in vitro, it is now necessary to study the roles of these 

toxins in whole animal pathogenesis. Given that C. rodentium encodes its own 

endogenous SPATEs and can colonize and infect mice, we think this is an excellent 

model to study the effects of SPATEs in the context of natural intestinal infection. We 

hypothesize that the SPATEs of C. rodentium play an important role in murine colonic 

hyperplasia and that deletion of SPATEs will alter disease characteristics. 

While the discovery of Pic (and subsequently PicU, Tsh, and Vat) as O-

glycoproteases that target and impair functions of hematopoietic cells has furthered the 

scope of Class 2 SPATEs as immunomodulators, our understanding of Class 1 SPATEs 

has been modest. Most Class 1 SPATEs cleave α-fodrin, but the physiologic significance 

of this cleavage has not been determined in vivo. The following section describes our 

observations in mice infected with C. rodentium wild type, the crc1 deletion mutant and 

the crc1-complemented strains. Our studies show that class 1 SPATEs could have a 

broader role of ameliorating the host immune response in favor of pathogen persistence 

and presumably subsequent transmission. 
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Results and Discussion 

Identification and phylogenetic analysis of C. rodentium SPATEs 

 
 Upon phylogenetic analysis of C. rodentium SPATEs Crc1, Crc2 and AdcA 

using multiple sequence alignment, we conclude that C. rodentium has one class 1 (crc1), 

one class 2 (crc2) and one domain 2-less class 2 (adcA). Using Matrix Global Alignment 

Tool (MATGAT) the passenger domains of Crc1 exhibited 54.4% amino acid identity 

and 72% similarity to EspC from EPEC with minimal gapping (fig. 10).  The class 2 

SPATE Crc2 was shown to be most closely related to Pic from EAEC and Shigella; the 

previously described domain2-less class 2 SPATE called AdcA was most closely related 

to the Tsh protease of avian pathogenic and extra-intestinal E. coli (fig. 10). 
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Alignment of sequences was built with Clustal W and a phylogenetic tree was 

constructed using the UPGMA (Unweighted Pair group method using Arithmetic Mean).  

C. rodentium SPATEs and its closest homologs were aligned using BLOSUM50 

alignment matrix and identity/ similarity was calculated using Matrix Global Alignment 

Tool. 

 

 

 

  

Figure 10: Phylogenetic analysis of C. rodentium SPATEs with closest 

homolog represented with percentage identity/ similarity score. 
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In vitro characterization of Crc1 

 
Purified Crc1 was able to cleave α-fodrin (a..k.a non-eythroid spectrin) upon overnight 

incubation. This activity was dependent on its serine protease activity as mutation of its 

catalytic serine to alanine (Crc1S251A)  abolished its proteolytic ability (fig. 11). 

 

 

 

 

 

 

 

 

 

We next wanted to determine the cytotoxic effect of Crc1 on HEp-2 cells. We 

treated semi-confluent HEp-2 cells with varying concentrations of Crc1 (60 µg/ml 

through 240 µg/ml) and viewed actin cytoskeleton by immunofluorescent staining. While 

there was a dose dependent increase in cytotoxicity, this could only be achieved with 

high concentrations such as 180 μg/ml (figure 12). 

Figure 11: Crc1 cleaves spectrin from human erythrocytes 

 
3μg of purified spectrin from erythrocytes was treated with 1 μg of purified 

Crc1, Crc1 S251A mutant, Pet or Pet S260A mutant overnight at 37°C. The 

proteins were analyzed by SDS-PAGE.   
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Figure 12: Study of Crc1 induced cytotoxicity on HEp-2 cells. 

Hep-2 cells were treated with increasing concentrations of purified CrC1 60 μg/ml (A), 

120 μg/ml (B), 180μg/ml (C), 240μg/ml (D) for 6 hours and actin was stained with 

Rhodamine-phalloidin. (B) Formation of punctate actin structures (arrowheads), (C) 

spindle formation due loss of actin stress fibers (arrows), (D) cell rounding at highest 

concentration (arrow pins). Cytotoxicity was not observed in CrC1 S251A mutant at 100 

μg/ml (E), Untreated Hep-2 cells (F). EspC 120 μg/ml (G) and Pet 40 μg/ml (H) treated 

cells showed significant morphological changes indicating cytotoxicity.  

 

While it was encouraging to find that Crc1 was capable of forming punctate actin 

structures and spindle formation due to loss of actin stress fibers (presumably by fodrin 

cleavage), this effect was observed at very high concentrations of 180 μg/ml (fig. 12). 

This led us to pursue other potential targets of Crc1, which are discussed in chapter 3. 

A B C 

D E F 

G H 
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In vivo role of Crc1 in C. rodentium pathogenesis 

 
 Firstly, we wanted to determine the role of Crc1 in intestinal colonization. We 

infected 3-4 week old C57BL/6 mice with 10
9
 to 10

10
 cfu of C. rodentium wild type, 

Δcrc1 or crc1- repaired strains. We monitored the fecal shedding of these strains by serial 

dilution and plating in appropriate antibiotic-containing LB plates. The pattern of fecal 

shedding was typical of C. rodentium colonization, where the cfu per gram of feces 

increases during the first week, followed by a peak phase during days 7 to 10 followed by 

clearance of infection. However, on any particular day, there was no significant 

difference in shedding between different infected groups (fig. 13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The data are the means and standard errors of the mean CFU in the feces from at least 

five individual mice at selected time points after inoculation. Mice received (via oral 

gavage) about 10
10

 CFU of C. rodentium wild-type strain (circles), ∆crc1 (squares), or 

crc1-repaired strain (triangles). 
 

Figure 13: Fecal shedding of C. rodentium and its derivatives 
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Role of Crc1 in disease severity 

 
 In order to assess the severity of disease, we weighed the mice from different 

groups during the course of infection. While we observed that all the three infected 

groups suffered from weight loss beginning on day 7 p.i., this was more pronounced in 

the Δcrc1infected mice. The Δcrc1-infected mice also recovered later compared to the 

mice infected with wild type and crc1- repaired strains (fig. 14). While the mice infected 

with wild-type and crc1-repaired strains recovered their lost weight by day 17, the ∆crc1-

infected mice were still recovering from initial weight loss. (P< 0.05 between WT and 

∆crc1 group on days 17, 18 and 19;  P<0.05 between crc1-repaired and ∆crc1 on day 16 

and 17 by two-ANOVA with multiple comparisons). 

  



39 
 

 

 

Figure 14: Mean percentage change in body weight of C57BL/6 mice infected with 

C. rodentium and its derivatives. 

  

 

 

  

The data shown is mean and standard error of mean percentage change in initial 

body weight of at least 5 mice per group. Mice received (via oral gavage) about 10
10

 

CFU of C. rodentium wild-type (circles), Δcrc1 (squares), or crc1 repaired strain 

(triangles). (*P<0.05; **P<0.01 using two way ANOVA with multiple comparisons) 
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While C. rodentium causes about 20% mortality in young adult mice at high 

doses, we observed that in a cohort of younger animals (3 weeks old), the mortality 

increased as disease progressed. In particular there was a trend towards increased 

mortality in Δcrc1-infected mice (70% mortality) in comparison to the wild type or crc1 

repaired strains that showed a maximum of 30% mortality (p-value= 0.07) (fig. 15). 

 

 

 

 

  

Figure 15: Deletion of Crc1 causes increased mortality. 

 

10 mice (3-week old) per group were monitored for survival during course of C. 

rodentium, Δcrc1 and crc1 repaired strain infection. p value = 0.0715 using log-

rank test 
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Deletion of Crc1 causes modest increase in neutrophil infiltration and submucosal  

edema  

 
Next, we wanted to study the histopathological features of the distal colon 

between the mice infected with C. rodentium and its derivatives. We chose day 10 post 

infection (the peak phase of the disease) to harvest, fix and stain distal colon sections 

with hematoxylin and eosin. The slides were scored in a blinded manner by a veterinary 

pathologist. All the mice infected with C. rodentium had mild to severe colitis. Epithelial 

erosions with hemorrhage and fibrin were present in more severe cases (fig. 16). In the 

wild type infected group two of five mice developed marked edema, but the neutrophil 

infiltrate was less abundant (fig. 16A).  The severity of colitis was at the highest in the 

group fed Δcrc1, in which three of five mice developed colitis with marked edema and 

moderate to marked neutrophil infiltrate (fig. 16B).    The crc1-repaired group had only 

one animal with marked edema and neutrophil infiltrate (fig. 16C).  Epithelial hyperplasia 

was similar among the three infected groups. Notably, despite cytotoxicity to epithelial 

cells exhibited by purified Crc1 and other class 1 SPATEs in vitro, we observed no 

difference in epithelial cytoxicity between wild type and crc1 mutant (fig 17). Despite the 

trend towards increased edema and neutrophil infiltrates in the Δcrc1 infected colons, the 

difference in histological scores were not statistically significant. 
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Figure 16: Histopathological features of colon of mice infected with 

C. rodentium or its derivatives. 

A. Colonic biopsy from mouse infected with wild-type C. rodentium demonstrating 

large colonies of bacteria (arrows), many neutrophils (N), and the submucosa 

expanded by edema (asterisk). B. Colitis from mice infected with the C. rodentium 

crc1 deletion mutant demonstrating area of erosion (Er) in which crypt epithelium (C) 

has been replaced by neutrophils and cellular debris.  The neutrophilic infiltrate 

extends from mucosa into the submucosa (SM) and the smooth muscle layers.  Large 

colonies of bacteria are present on the surface of the mucosa (arrows). C. Mouse 

infected with the crc1-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 stain, magnification 20x (A, B, C), 400x (D). 
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Figure 17: Histopathological scoring of distal colon from C. rodentium 

infected groups. 

Pathological scoring indicated a trend towards more neutrophil infiltration 

and edema in crc1 mutant infected group. The presence of bacterial colonies 

and epithelial hyperplasia was comparable between infected groups. However 

the differences were not statistically significant. 
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Deletion of Crc1 results in increased C. rodentium induced leukocyte infiltration 

One of the characteristic features of C. rodentium-induced colitis is infiltration of 

PMNs and macrophages into the epithelium of the distal colon. Hence we wanted to 

study the effect of Crc1 on leukocyte infiltration. One days 1, 3, 5 and 10 post-infection, 

the distal colons from 3 mice per group were harvested and single cell suspensions were 

prepared. These were subjected to flow cytometric analysis by staining for markers of 

PMNs, B cells, T cells and macrophages using antibodies against Gr-1, CD19, CD3 and 

CD14 respectively. We observed that on days 1 and 3 there were very few leukocytes in 

the infected groups compared to uninfected mice (data not shown). On days 5 and 10 

there was an increase in the percentage of leukocytes in comparison to the uninfected. 

Particularly, the percentage of PMNs (figure 18A), T cells (18B) and B cells (18C) was 

higher in the Δcrc1infected group compared to the wild type or crc1-repaired infected 

group. We were able to repeat this trend in 3 consecutive experiments on Day 10 p.i. 

However we did not see a similar trend in the population of CD14+ macrophages (18D).  

Infiltrating T cells were found to be predominantly of the CD4+ T-helper cell subset 

(18E). Statistical analysis showed P= 0.03 for PMNs , P= 0.01 for T cells and P= 0.0065 

for B cells on day 10 using repeated measures- 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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Figure 18 A:  PMNs 

 

Figure 18B: T lymphocytes 
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Figure 18 C: B lymphocytes 

 

Figure18D: Macrophages 
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Figure 18 E:  Thelper versus Tcytotoxic

C. rodentium Δcrc1 infection is associated with elevated influx of (A) 

CD45+/Gr-1+ neutrophils, (B) CD45+/ CD3+ T cells, (C) CD45+/CD19+ B cells but 

not (D) CD45+/CD14+  macrophages in the colons of C57Bl/6 mice. Infiltrating T cells 

were predominantly of the CD4 T-helper subtype (E). Mice were infected orally with  

C. rodentium wild type, Δcrc1 and crc1-repaired strain, sacrificed on days 5 (top panel) 

and 10 (bottom panel) post infection. Single-cell suspensions from the colons pooled 

from 3 mice per group 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, T cells and macrophages. FACS plots were gated 

on live cells with AQUA positive dead cells excluded from analysis. Numbers indicate 

the percentage of cells in each quadrant. FACs plot were repeated 3 times for day 10 p.i.  

and found to be statistically significant for PMNs, T cells and B cells. Statistical 

analysis showed P= 0.03 for PMNs on day 10 and P= 0.01 for T cells and P= 0.0065 for 

B cells on day 10 using repeated measures- 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. 

 

 

Figure 18: Deletion of crc1 is associated with increased PMN, T cell and B cell 

infiltration. 
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Crc1 mediated cytokine response 

 Since Crc1 mutation showed a hyper-inflammatory phenotype causing increased 

leukocyte recruitment, we wished to study the cytokines that could mediate this effect. 

We performed RT-PCR analysis of the distal colon tissues on days 5 and 10 when the 

differential leukocyte response was observed. We studied fold induction of various genes 

encoding Th1 and Th17 cytokines associated with C. rodentium induced colitis against 

the fold induction of the housekeeping gene GAPDH. On day 5 there were elevated 

levels of KC and IL22 gene expression in all infected groups in comparison to uninfected 

group. However, there was no statistically significant difference between the WT, Δcrc1 

and crc1-repaired groups. On day 10, KC and IL22 levels dropped in comparison to day 

5 showing that these were early cytokines induced during initial stages of C. rodentium 

colonization (fig. 19). In the day 10 group, 2 mice in the Δcrc1 infected group died on 

day 9. The levels of cytokines iNOS, IL6, IL1β, TNFα, IL17 and IFNγ were increased 

many folds on day 10 compared to day 5 levels in all infected groups. When we analyzed 

if there was a difference in the levels of these cytokines between infection groups, we 

found that there was significantly many folds induction of iNOS (P<0.01), IL6 (P<0.01), 

TNFα (P<0.05), IL1β (P<0.001) and IFNγ (P<0.01) in the Δcrc1 infected group than the 

wild-type or crc1-repaired infected groups (using two-way ANOVA with multiple 

comparisons). We did not see correlation between the presence of crc1 and IL17A levels 

(fig 19). We also tested mRNA levels of IL12p40, IL23p19, RANTES, IL4, IL10 and 

IL12p35. These cytokines did not show more than 10 fold induction in the infected 

groups in comparison to the uninfected mice (data not shown).  
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Figure 19 
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Figure 19 (continued) 
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RT-PCR analysis of cytokines expression from distal colonic tissue homogenate of 

infected mice. Group of 10 animals were sacrificed at indicated time points and analyzed 

independently. Fold induction was calculated against the GAPDH house keeping gene 

expression. Mice were infected with C. rodentium wild-type (), Δcrc1 (), crc1-

repaired (), uninfected mice ( ). Data are mean ± SEM of all 10 mice. *P<0.05; 

**P<0.01; ***P<0.001; ****P<0.0001 (two-way ANOVA with multiple comparisons)  

  

Figure 19: mRNA expression in the distal colon of cytokines associated with colitis. 
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Materials and Methods 

Bacterial strains and clones. The C. rodentium DBS100 strain was obtained from the 

laboratory of  Dr. James Kaper. This strain was mentioned in the literature to be 

indistinguishable from the ICC168 strain that was sequenced [66]. Upon PCR analysis 

this strain was found to be positive for the regA in the genome, crc1 and crc2 in the 

pCROD1 plasmid, and also harbored the plasmid pCROD2 and pCROD3. 

Non-polar deletion mutants in the gene encoding Crc1 were constructed using the 

λ Red recombinase system[75].   PCR fragments containing a kan-sacB insert [51] were 

generated by PCR using primers (Pλ fwd and Pλ rev) described in Table 1, and 

electroporated into C. rodentium strain expressing the λ Red recombinase system 

encoded by plasmid pKM200 [75] (fig. 20).  Mutants were selected on LB agar plates 

containing kanamycin (50 µg/ml). All mutations were confirmed by PCR amplification 

using primers external to the disrupted gene. The crc1-repaired strain was constructed by 

recombination of the native crc1 gene locus to replace the kanamycin cassette using the λ 

Red recombinase system. The revertant clones were obtained by screening for kanamycin 

sensitive clones. (refer appendix D for confirmation of deletion and complementation by 

SDS-gel electophoresis and western blot) 
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Figure 20: Deletion of crc1 using Lambda red recombinase 
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Cloning strategy for Crc1.  All restriction and ligation enzymes were purchased from 

New England Biolabs (Ipswich, Massachusetts). All genetic manipulations were 

performed in E. coli K12 strain DH5α. The crc1 gene was amplified from genomic DNA 

of C. rodentium using primers P1 and P2 in Table1 and cloned in pACYC177 vector as 

XhoI/HindIII fragment to generate pVV1 plasmid (fig. 21 top panel).  pVV1 was 

sequenced and verified for absence of any inadvertent mutations in the crc1 gene.  The 

T7 promoter and Shine-Dalgarno sequence of the T7 phage were created upstream of 

crc1 by reverse PCR using primers P3 and P4 (table 1) to generate plasmid pVV2 (fig. 21 

bottom panel). 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 Stratagene (Santa Clara, CA) per manufacturer's protocols. The strains were 

maintained on L agar or L broth containing 100 μg of ampicillin/ml. 
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2. Reverse PCR to insert T7 RNA polymerase promoter and SpeI ligation 

 

 

1. Exchange of crc1 gene fragment with kanamycin cassette of pACYC177 

                    Figure 21: cloning strategy for Crc1 expression vector 
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Table 1: Primers used for construction of crc1 deletion and cloning crc1 

Primer 

names 

Primer/ 

specificity  

Sequence (5’-3’) 

Pλ 

fwd; 

Pλ rev 

crc1Kan-

SacB/ 

26423-

26255; 

22157-

22328 

(pCROD1 

plasmid) 

 

5’AAAATAAAAACTAAATGTAACGATTTATCTTG

TGTTAACTGAGTCACAATAAAGCGAGACGTCAT

TCAATATATTCCCCTCCTTGTGATAACTCCTGGT

TATGGTTATCACCAAGGCATTTAGCTGATTTATT

TTTCATATTATCTGTGATTTTCATGGAGGGTTTG

CT TTTCTTGAAAATTTTTTTTTTGACTCA 

ATAT;AACTCTTATTACCTTAAGCATTTATGGTTG

TGCCATTAATAGCAGCATCGTTATCATTTTTCGG

TTACTTCGATACCTTTGAAAAATTCTTATTATTC

TGATTCAAAGTTTATTCTGACAGCCCTGTTCCCC

ACAAGAAAAATGAAGCCCCTTTTCAGGGGCCTC

TCCCTGTTATTTGTTAACTGTTAATTGTCCTTGTT 

P1 ; 

P2 

pVV1 / 

26865-

26894; 

21763-

21794 

(pCROD1 

plasmid) 

TGCTACTCCGCTCGAGCGGGCCGCTGGCAAGGC

GAACGTAGTAAATCAC; 

ACTGCCCAAGCTTGGGTGAAGTTCTACAGAGCG

CGAGAAACAGATGGT 

P3; P4 pVV2 / 

26217-

26253; 

1540-

1579 

(pCROD1

; 

pACYC17

7) 

ACTTCGAAATACTAGTTAATACGACTCACTATA

GGGAGACCACAACGGTTTCCCTCTAGAAATAAT

TTTCTTTAACTTTAAGAAGGAGATATACATATGA

ACAAAATATATTCTCTTAAATATTGCCCTGTTAC;

CTGCATGCCGTACATGGTAGTACTAGTTTACTAT

GTTCCCACTGATGAGGGTGTCAGTGA 

 

  

2. Reverse PCR to insert T7 polymerase promoter and SpeI ligation 
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Infection of mice. The C. rodentium model was performed as described [65]. Briefly, 

three to four week old, C57Bl/6 mice were purchased from Jackson laboratories (Bar 

Harbor, Maine).  Five mice per group were inoculated with approximately 10
10 

cfu C. 

rodentium wild type (WT), the Δcrc1 mutant, or the restored mutant strain (crc1-

repaired) suspended in 200 μl of PBS; organisms were administered by oral gavage using 

a 20-gauge intubation needle. Control animals received 200μl of sterile PBS.  At 

specified time points after inoculation, 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 media containing appropriate 

selective antibiotics. 

 Animal studies were carried out in strict compliance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

protocol was approved by the University 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), were excised and placed on a petri dish containing 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% FBS and 120 μl EDTA). The samples were 

incubated at 37°C with agitation (250 rpm) for 15 minutes. The tissues were then 

transferred to 10 ml of C-buffer (10ml HBSS, 5% FBS and 10 mg collagenase IV) 

(Sigma C5138, Carlsbad, CA). The intestines were incubated with C-buffer at 37°C for 
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20 minutes, then the contents were passed through a 100 μm cell strainer; retentates were 

gently mashed and washed through the filter using HBSS. The filtrate containing the cells 

was centrifuged and the cells enumerated. The cells were adjusted to 1 million per group 

using FACS buffer (HBSS+ 0.2% BSA) and stained for Flow Cytometry analysis. 

Cell suspensions of colonic tissues were first blocked for 15 minutes with anti-Fc 

receptor CD16/CD32 blocking antibody (clone 2.4D2) (BD Pharmingen, San Diego, 

California) at 4°C, followed by incubation with antibodies to Gr-1 (clone RB6-8C5) (BD 

Pharmingen), CD3 (clone 17A2) (BD Pharmingen), CD45 (clone 30-F11) (Life 

Technologies, Carlsbad, California), CD19 (clone 1D3) (BD Pharmingen). AQUA stain 

(Life technologies) was included to identify viable cells. The analysis was performed on 

Beckmann Coulter Cyan ADP LX (Brea, California). Data were analyzed with FloJo 

version 4.5 software (TreeStar, Ashland, OR). 

 

Histopathological score. Distal colonic sections were fixed in Bouin’s fixative and 

embedded in paraffin. 5µm sections were deparaffinized and stained with hematoxylin 

and eosin. Slides were read by a veterinary pathologist in a blinded manner.  The criteria 

for histopathology scoring were neutrophil infiltration, submucosal edema, hyperplasia, 

and the presence of bacteria[76]. The numerical score was as follows: 0 = no lesion; 1 = 

minimal; 2 = mild; 3 = moderate; 4 = marked; 5 = severe. 

 

Real-time PCR. Distal colon tissue weighing approximately 10 mg (0.5 cm) was 

collected from the anal verge and homogenized using zirconia beads in a bead-beater. 

RNA was extracted using the RNeasy kit (Qiagen). DNA contaminants were removed by 
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DNAse treatment (Invitrogen) and cDNA was synthesized from 1μg of RNA using 

cDNA synthesis kit (Bio-Rad). RT-PCR was performed in 7500 Real Time PCR system 

from applied biosystems using primers described in table 2. Samples were normalized to 

house-keeping gene GAPDH and reported according to the ΔΔC
t
 method: ΔΔC

t 
= 

ΔC
t
infected - ΔC

t 
uninfected. 
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Table 2: Primers for RT-PCR 

Murine gene Primer 5’-3’ 

GAPDH F- ATC AAC GAC CCC TTC ATT GAC C;  

R- CCA GTA GAC TCC ACG ACA TAC TCA GC 

TNF α F- GACCCTCACACTCAGATCATCTTCT 

R- CCACTTGGTGGTTTGCTACGA 

IFN γ F- CTGCCACGGCACAGTCATTG; 

R- TGCATCCTTTTTCGCCTTGC 

KC F- TGTCAGTGCCTGCAGACCAT 

R- GCTATGACTTCGGTTTGGGTG 

IL17A F- GCT CCA GAA GGC CCTCAG A;  

R- CTT TCC CTC CGC ATT GAC A 

IL22 F- TCC GAG GAG TCA GTG CTA AA;  

R- AGA ACG TCT TCC AGG GTG AA 

IL6 F- TCC AAT GCT CTC CTA ACA GAT AAG;  

R- CAA GAT GAA TTG GAT GGT CTT G 

iNOS F- -GTCTTTGACGCTCGGAACTGT 

R- GATGGCCGACCTGATGTTG 

IL1β F- ACAGAATATCAACCAACAAGTGATATTCTC 

R- GATTCTTTCCTTTGAGGCCCA 

IL23p19 F- GGT GGC TCA GGG AAA TGT 

R- GAC AGA GCA GGC AGG TAC AG 

 

 

Fluorescence assay of HEp-2 cells. Fluorescent actin staining was performed as 

previously described [77].  Briefly, HEp-2 cells (30, 000 cells/well) were treated with 

recombinant Pet, EspC, Crc1 or Crc1S251A, diluted directly into tissue culture medium 

without antibiotics or serum at indicated concentrations.  The cells were incubated at 

37°C for 6 hours, 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 technologies) for 30 mins. Cells were air- 

dried and mounted in Prolong Gold reagent (Life technologies). Cells were viewed using 

Olympus BX51fluorescent microscope. 
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Purification of Crc1.  The minimal clone of Crc1 was induced with 0.4mM IPTG to 

express and secrete Crc1 protease. Total protein in the supernatant was precipitated using 

50% ammonium sulfate overnight with stirring. The precipitate was centrifuged and 

resuspended in 50mM Tris-HCl, pH8.0. The precipitate was dialyzed thrice in 100 times 

volume of 50mM Tris-HCl pH 8.0 using a 50kDa pore size dialysis membrane. After 

overnight dialysis the protein precipitate was loaded onto a QA fast flow sepharose 

(Sigma, St. Louis, Missouri) anion exchange column; bound protein was eluted using 

varying concentrations of sodium chloride, spanning from 100 mM to 500mM. The 

fraction of eluent containing maximum protein was identified by SDS-PAGE gel 

electrophoresis (Refer appendix C for figurative illustration). 

 

Statistical analysis. Experimental data were expressed as mean ± SEM in each group. 

One-way  ANOVA with post hoc correction was used to compare means of multiple 

populations.  Two-way ANOVA was used for multiple comparisons. A p-value of ≤ 0.05 

was considered statistically significant. All statistical analysis was performed using 

graphpad prism Inc. software version 6. 
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Discussion of Chapter 2 

Despite the broad prevalence of SPATEs in enteric and non-enteric bacteria, little is 

known with respect to their role in pathogenesis. EspP was one SPATE that was shown to 

contribute to EHEC colonization in calf intestine [78]. But no other SPATEs have been 

studied in vivo. The presence of SPATEs in C. rodentium, a natural mouse pathogen that 

causes colitis, has enabled us to study the role of crc1 in its pathogenesis. This system 

was very powerful means to study in vivo role of SPATEs in that, the host exhibited a 

robust immune response indicated by weight loss, loose stools, bloody diarrhea (in severe 

cases) and fecal shedding. Histopathologically, distal colon sections showed marked 

epithelial hyperplasia, mucosal erosion (in severe cases), PMN infiltrates and bacterial 

colonies on the surface of the epithelial lining.  

We first showed that deletion of crc1 causes exacerbation of the disease where-in 

mice showed an increase in weight loss when infected with this strain compared to the 

wild-type or crc1- repaired strain. Secondly, in younger mice, we observed a trend 

towards increased mortality although this was not statistically significant. SPATEs are 

large proteins of about 100kD that require energetically expensive protein synthesis. 

Despite this energy barrier, most enteric bacteria have evolved to express SPATEs. We 

think, SPATEs could contribute to host survival and subsequent disease transmission.  

We also showed for the first time, a putative role for class 1 SPATEs in immune-

modulation. Histopathological scoring showed that there was a trend towards increased 

PMN infiltration in the Δcrc1-infected mice. More mice in the Δcrc1 infected group 

suffered from severe lesions although this was not statistically significant due to low N 

number. However, when we quantitatively determined the percentage of T cells, B cells 
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and PMNs and macrophages from the distal colon single-cell suspensions, we were able 

to show statistically significant increase in PMN and T cells and B cell infiltration on day 

10. There was a similar trend towards increased infiltration in the Δcrc1 infected group 

on day 5, but we were unable to repeat this phenotype more than once due to inadequate 

number of cells that were obtained from the distal colon on day 5.  

The expression of crc1 seems to impede PMN and T cell infiltration by an 

unknown mechanism. Since class 2 SPATEs target O-glycoproteins on leukocyte 

surfaces, it is tempting to study the effect of class 1 SPATEs in leukocyte functions such 

as chemotaxis and transmigration to site of infection. We have also showed that the 

increased infiltration is associated with increased gene expression of pro-inflammatory 

cytokines during day 10 but not on day 5 in the Δcrc1 infected group. On day 5 the only 

cytokines that were significantly upregulated in the infected groups versus uninfected 

were IL-22 and KC. KC is a neutrophil chemoattractant produced by epithelial cells in 

response to infection during early stages of C. rodentium infection [79]. IL-22 expression 

has been shown to be upregulated during early stages of C. rodentium infection by 

another study [63]. Interestingly, main source of IL-22 in C. rodentium infection was 

previously shown to be innate lymphoid cells (ILCs) and dendritic cells [63, 80]. But 

there was no differential fold induction in IL-22 or KC among the C. rodentium wild-

type, Δcrc1 or crc1- repaired infected group showing that crc1 is most likely not acting 

through ILCs, DCs or epithelial cells.  

 The differential induction of cytokines on day 10 with significantly more 

expression of IFNγ, TNFα, IL1β, iNOS and IL6 in the Δcrc1 infected group show that the 

increased infiltration on day 10 could be a result of elevated levels of these cytokines. 
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Alternatively, the increased levels of PMNs, T cells and B cells could be the primary 

contributor of these cytokines. Irrespective of this cause- effect cycle, one can 

hypothesize that the effect of crc1 is more pronounced in the later stages of infection (day 

10) than the early stages of colonization (day 5). Interestingly knock-out mice of IL-6, 

iNOS and IFNγ  when  infected with C. rodentium showed delayed bacterial clearance 

[62, 74, 61] . Hence it is plausible that Crc1 has evolved to keep these cytokine levels 

under control in favor of bacterial persistence. We would like to explore this possibility 

in the future by monitoring colonization over prolonged time periods. 
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Chapter 3 : In vitro characterization of SPATEs from C. rodentium 

Background 

Chapter 1 described that the common mode of action of Class 1 SPATEs is by 

targeting the intracellular actin binding protein fodrin causing cytoskeletal disruption and 

cytotoxicity. But most of these studies were performed in an in vitro cell culture system 

using HEp-2 cells, Vero cells or HeLa cell lines. Even though HEp-2 cells are epithelial 

cell lines obtained from cancer of the larynx, there are extensive reports relating that this 

cell line may actually comprise a HeLa cell contaminant, hence questions arise of how 

representative it is to epithelial cells [81]. While Pet is potent at causing cytotoxicity at 

37μg/ml within one hour of treatment on HEp-2 and HT-29 colorectal cancer cells [77], 

other class 1 SPATEs require prolonged incubation times and high concentrations to 

cause cytoskeletal changes. For example Sat is cytotoxic to human bladder and kidney 

epithelial cells at a concentration of 100μg/ml [37], EspP is cytotoxic to HeLa cells at 

200 μg/ml [2], EspC causes cytoxicity on HEp-2 cells at 120 μg/ml [27]. While the local 

protein concentration of toxins in the microenvironment of the infected cellular surface is 

unknown, toxins such as adenylate cyclase of B. pertussis cause cytotoxicity at 100 ng/ml 

concentrations [83].  In our lab, the class 2 SPATE Pic has shown to cause PMN 

oxidative burst and apoptosis at 200 ng/ml concentration [51]. In vitro organ cultures of 

EAEC pet mutant showed decreased exfoliation of epithelial cells suggesting that Pet 

induces cytotoxicity and subsequent detachment of epithelial cells. In our laboratory, we 

observed no epithelial cell cytotoxicity in the C. rodentium wild type versus the crc1 

mutant.  
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Results 

 Since most class 2 SPATEs are O-glycoproteases, we hypothesized that class 1 

SPATEs might cleave N-glycoproteins. Hence we tested as possible substrates many 

candidate recombinant proteins that are N-glycosylated. Integrins are N-glycosylated 

signaling molecules that exist as heterodimers on various cell types including leukocytes, 

B and T cells. We found that the supernatant from wild type C. rodentium strain, but not 

the Δcrc1 mutant, was able to cleave recombinant integrins αMβ2, α4β1and α4β7 upon 

overnight incubation at 37°C. We also found that the Crc1 S251A mutant was unable to 

cleave the above targets, proving proteolytic specificity. Since class 1 SPATEs are highly 

homologous we wanted to test if other Class 1 SPATEs (figure 22) from human 

pathogens could also cleave these integrin targets.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Culture supernantants of SPATE clones used in this study 

Supernatants from 300 ml bacterial cultures of expression clones mentioned in 

table 4 were concentrated 1000 folds in 70kD cut off amicon filters. 10 µl of the 

concentrated supernatants were analzed by SDS-gel electrophoresis to observe 

SPATEs expression levels. Supernatants were appropriately titrated such that 

approximately 10µg of SPATEs were used for testing substrate cleavage. 
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Indeed, class 1 SPATEs Pet, Sat, EspP, EspC but not class 2 SPATEs SepA, Tsh 

and the mutant Pet S260A, were able to cleave these targets during overnight incubation 

(fig. 23). SigA was the only class 1 SPATE that was unable to cleave integrin. While this 

could mean that SigA has a different proteolytic specificity the reader should note that in 

the case of SigA, we did not use a clone that overexpressed SigA but rather culture 

supernatant S. sonnei ΔsepA that expressed less than 1μg/μl of the SPATE. We were 

unable to use 10 µg of total SigA due to poor expression levels of this strain.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 23: Integrins cleaved by class 1 SPATEs 

3 µg of recombinant human integrin αMβ2, α4β1 and α4β7 were treated with 10 µg 

of SPATEs overnight at 37˚C and analyzed by SDS gel electrophoresis.  
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These targets αMβ2, α4β1and α4β7 are leukocyte specific integrins. Additionally, 

integrins can be divided functionally based upon their ligands as collagen receptors, 

laminin receptors, fibronectin receptors and finally leukocyte specific integrins. We 

tested integrin α6β1, a laminin receptor; αVβ6 a fibronectin receptor; α2β1, a collagen 

receptor and αLβ2 a leukocyte specific integrin. Integrin αLβ2 and α6β1 were completely 

cleaved by all class 1 but not class 2 SPATEs upon overnight incubation. And there was 

only partial cleavage of αVβ6 and no cleavage of α2β1 (fig. 24). This shows that the class 

1 SPATEs do not target all integrin family members but exhibit proteolytic specificity to 

certain members of this family. 

  

Figure 24: Integrins cleaved by class 1 SPATEs 

3 µg of recombinant human integrin α6β1, αLβ2 and α2β1 were treated 

with 10 µg of SPATEs overnight at 37˚C and analyzed by SDS gel 

electrophoresis.  
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Interestingly, the cleavage of integrins was not dependent on glycosylation. When 

integrin α4β1 was de-glycosylated by neuraminidase (that deglycosylates the terminal 

sialic acid residues) or with PNGaseF (that removes only N-glycosylated sugars), it was 

still susceptible to cleavage by Crc1 (fig. 25). This showed that unlike class 2 SPATEs 

that recognize O-glycosylated residues in order to cleave their protein target, class 1 

SPATEs do not require glycosylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 25: Crc1 cleavage activity is independent of N-glycosylation of the 

target. 

3µg of recombinant human integrin α4β1 was treated with neuraminindase 

(left panel) or PNGaseF (right panel) for 1 hour followed by 10 µg of Crc1 

for 6 hours at 37˚C. Proteins were analyzed by SDS gel electrophoresis. 
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Next we wanted to determine the site of cleavage on the integrin molecule. We 

performed N-terminal sequencing on the cleaved fragments. This showed that the 

cleavage occurred at a Q
248

AAVCKE upstream of the two alanine residues in the β6 

chain of αVβ6. This corresponded to the I-like domain present in all beta chains of 

integrin family (fig. 26). Similar motifs were also found in the beta chains of β7, β2 and 

β1. However, we were unable to determine the site of cleavage on the alpha chain, even 

though Crc1 cleaved both these chains. 
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Figure 26: Cleavage site on integrin by Crc1 

Recombinant integrin αVβ6 was treated with 10 µg of Crc1 

overnight at 37˚C. The cleaved products were transferred to 

sequi-blot PVDF membrane and the cleavage product of 

approximately 70 kDa was sequenced by Edman 

degradation. The site of cleavage is shown by black arrows 

on the linear sequence (top and left panel) and in the tertiary 

structure (right panel).  
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Next, we wanted to determine if class 1 SPATEs are able to cleave integrins 

expressed on the surface of PMNs. PMNs express integrin αMβ2 on their surface, and its 

expression is greatly upregulated upon PMN activation which results in the extended or 

open conformation that has high affinity to its ligand ICAM-1.  We treated fresh human 

PMNs with the class 1 SPATE Pet from EAEC for 1 hour at 37°C and assayed for 

integrin cleavage by WB against the αM chain. We were not able to incubate for longer 

than an hour due to the PMNs undergoing activation, followed by cell clumping during 

prolonged incubation times. After 1 hour we observed complete cleavage of the αM chain 

on the PMNs that was reduced upon using decreasing concentrations of Pet and activity 

was abolished upon treatment with AEBSF, a serine protease inhibitor (fig. 27). 

 

  

  
Figure 27: Pet cleaves integrin  αM  on human PMNs. 

Five million PMNs isolated from fresh human blood were treated with specified 

amount of Pet or Pet with the serine protease inhibitor AEBSF. Total protein from 

the cells was extracted using IP lysis buffer and analyzed by western blot using 

antibody to integrin αM chain.  
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When PMNs were treated with purified class 1 SPATEs and surface integrin 

expression was analyzed by flow cytometry, we were not able to observe this cleavage 

(fig28). We cannot rule out the possibility that class 1 SPATEs could cleave intracellular 

integrin given that Pet and EspC are known to be endocytosed into epithelial cells [20]. 

  

Figure 28: Flow cytometry analysis of integrin αMβ2 cleavage by class 1 

SPATEs on PMNs 

1 million PMNs isolated from fresh human blood were treated with HBSS or 

10 µg of class 1 SPATEs for 1 hour at 37ºC. Cells were stained for CD16-PE 

and Mab24-FITC. CD16+ PMNs were gated and analyzed for expression of a 

Mg2+ dependent epitope on integrin αM chain recognized by Mab24 

antibody.  
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Since integrins have multiple conformations, it is possible that Crc1 cleaves a 

specific conformation (either the extended or folded) that could not be demonstrated 

using our technique of PMN isolation and incubation conditions. Furthermore, freshly 

isolated PMNs are unstable and the integrin expression is temporal. The conformational 

changes of integrins that could be induced by the isolation procedure further challenged 

our experiments. Hence we adopted macrophage cell line J774.1 that is known to express 

αMβ2 constitutively. 

 The adenylate cyclase toxin (ACT) from B. pertussis binds to integrin αMβ2 on 

macrophages to gain entry into the cell [82]. Subsequently, the toxin causes upregulation 

of cAMP leading to cytotoxicity that can be measured by calorimetric detection [83]. We 

decided to use this assay to determine if Crc1 interferes with integrin-mediated ACT-

induced cytotoxicity. We treated J7774.1 macrophage cells with different concentrations 

of Crc1 for 4 hours before inducing cytotoxicity with ACT for 1 hour. There was no 

inhibition by Crc1 on ACT  

induced cytotoxicity (fig. 29). This could imply that Crc1 is either binding to a different 

site on αMβ2 such that it doesn’t interfere with ACT binding or that Crc1 does not bind 

to αMβ2 at all. 
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J774.1 macrophage cells where seeded in 96 well assay plate night before the 

experiment. Cells were pre-treated with varying concentration of Crc1 for 4 hours at 

37° C followed by treatment with 50 ng or 100 ng of adenylate cyclase toxin for 1 

hour at 37°C. Cells were treated with CCK8 reagent and OD was measured after 1 

hour at 450 nm for  determination of viable cells. Data is represented as percentage of 

viable cells in untreated control.  

Figure 29: Crc1 does not inhibit ACT mediated cytotoxicity 
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Integrin αMβ2 is indispensible for PMN transmigration across T84 monolayers 

[84]. Hence we wanted to study if Class 1 SPATEs inhibited PMN transmigration across 

T84 monolayers, as induced by an fMLP gradient. Whereas fMLP caused transmigration 

of PMNs after 4 hours, as determined by Calcein AM fluorescent staining of PMNs, there 

was no effect of the prototype Class 1 SPATE, Pet in this process. Similarly, we did not 

see any impairment of transmigration by Crc1 or other class 1 SPATEs (fig 30). 
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Inverted T84 monolayers were generated as described in materials and methods. 1 

million PMNs were treated with Pet or Pet S260A for 1 hour at 37°C. PMNs were 

stained with CalceinAM fluorescent dye before addition to apical side of the T84 

monolayer. 0.2 µM fMLP was added to the basolateral side. Basolateral media was 

collected after 4 hours incubation at 37°C, 5%CO2. Number of PMNs was 

quantified flourometrically. Data is represented as relative fluorescent units (RFU). 

Figure 30: Study of class 1 SPATEs in PMN transmigration 
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Crc1 is highly homologous to EspC of EPEC, which reportedly requires the T3SS 

machinery to deliver EspC into the host cell [29]. In order to confirm that the requirement 

for the whole bacteria was not the reason for impaired Crc1 activity, we repeated the 

experiment by adding C. rodentium wild-type, Δcrc1, or a strain with the crc1-repaired 

strain, incubated with the PMNs on the basolateral side, and we looked for transmigration 

to the apical side after 4 hours. We did not see any difference in the fluorescent intensity 

between the different infected groups (data not shown).  

We wanted to test if Class 1 SPATEs could trigger apoptosis of activated T cells, 

a phenotype induced by class 2 SPATEs. We treated PMA-activated Jurkat T cells with 

Class 1 SPATEs Crc1, EspP or Sat. The cells were stained with annexin V and propidium 

iodide (PI) and analyzed by flow cytometry. None of the class 1 SPATEs caused 

apoptosis on activated T cells showing that in this respect they are different from Class 2 

SPATEs. Staurosporine and saponin were positive controls for annexin V and PI staining 

respectively. (fig. 31) 
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Jurkat T cells were activated with PMA (5ng/ml) and ionomycin (0.5µM) for 20 

hours. Cells were treated with class 1 SPATEs for 6 hours at 37°C, 5%CO2. Cells 

were stained for annexinV-FITC and PI and analyzed by flow cytometry. 

Staurosporine and saponin were positive controls for annexin V and PI staining 

respectively 

Figure 31: Class 1 SPATEs do not cause apoptosis on activated T cells 
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Materials and methods 

Bacterial strains and clones. SPATE clones used in this study is listed in table 3 

Bacterial culture of SPATE clones were grown at 37ºC and induced as described by 

original authors. The secreted SPATE protein was harvested by collecting the bacterial 

culture supernatant, filtered to remove bacterial residue and concentrated a 1000 fold 

using 100 kD cut off centricon filters. 
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Table 3: Bacterial expression clones used in this study 

 

  

Plasmid SPATE protein Source Reference 

pJLM174 espC cloned into pBAD30 (Amp
r
) J. B. Kaper [24] 

pB9-5 espP cloned into pK18 (Kan
r
) H. Karch [12] 

pCEFN1 pet cloned into pSPORT (Amp
r
) J. P. Nataro [16, 77] 

pPic pic cloned into pACYC (Tet
r
) J. P. Nataro [45] 

pDG7 sat cloned into pBSKII (Amp
r
) H. M. Mobley [35] 

pZK15 sepA cloned into pUC19 (Amp
r
) C. Parsot [53] 

pAY3108  

tsh cloned into pBSKII (Amp
r
) 

 

R. Curtis 

 

[41] 

S. sonnei 

∆sepA 

sigA  

Lab collection 

 

pBADcrc2  

Crc2 cloned into pBAD 

 

F. Ruiz 

 

unpublished 

pVV2  

Crc1cloned into pACYC177 

 

V. Vijayakumar  

 

This study 

pCEFN1  

petS260A 

 

J. P. Nataro 

 

[77] 

pVV2 

S251A 

 

Crc1S251A 

 

V. Vijayakumar 

 

This study 
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Cloning strategy for Crc1. Refer Chapter 2  

 
Recombinant protein cleavage. Recombinant proteins integrin α4β1, αMβ2, α4β7, αVβ6, α2β1, 

αLβ2, α6β1, C1-INH, CD55, complement C3 and MASP3 were purchased from R&D systems 

(Minneapolis, MN). 3μg of protein were treated with approximately 10μg of purified or 

concentrated SPATEs at 37°C overnight and analyzed by SDS-gel electrophoresis. For de-

glycosylation, recombinant integrin α4β1 was de-glycosylated by neuraminidase and PNGaseF as 

per manufacturers’ protocol (New England Biolabs) and then treated with Crc1 at 37°C overnight 

and analyzed by SDS-gel electrophoresis.  

Analysis of integrin cleavage on leukocyte populations. Fresh human PMNs were isolated 

from blood collected from volunteers as previously described [51]. Cells were adjusted to 1 

million PMNs in a total volume of 100µl and treated with specified concentration of Pet or 

Crc1for one hour at 37ºC. For western blot, cells were lysed using IP lysis buffer (Thermo 

scientific) and integrin α4 was detected in western blot using monoclonal antibody (R&D 

systems). For flow cytometry, cells were first blocked with human IgG, PMNs were stained with 

PE labelled CD16 and FITC labelled Mab24 antibody that recognizes a magnesium ion 

dependent binding site on the I-like domain of integrin αMβ2 molecule.  

ACT cytotoxicity assay. J774.1 macrophage cell line was kindly provided by laboratory of Dr. 

Eric Hewlett at the University of Virginia. Cells were grown in DMEM supplemented with 10% 

FBS. Cells were plated in 96 well assay plate the day before the experiment. Cells were treated 

with varying concentrations of Crc1 resuspended in cell culture media for 3 hours followed by 

washing or no washing. ACT cytotoxicity was induced at 100 ng/ml or 50 ng/ml for 1 hour. The 

number of viable cells was detected by CCK8 treatment for one hour (Dojindo molecular 

technology, Rockville, MD). Viable cells were detected calorimetrically at OD of 450nm.  

PMN transmigration assay. Human colonic T84 intestinal epithelial cells (ATCC CCL-

248) were routinely maintained in DMEM-F12 media, supplemented with 10% fetal 
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bovine serum (FBS), penicillin (10 U/ml) and streptomycin (10 μg/ml), at 37 °C under 

5% CO2.  Inverted T84 monolayer was prepared by seeding approximately 7.5 ×10
5 

cells 

to underside of collagen coated 0.3 µm transwells. Media was changed every day till the 

trans-epithelial resistance (TEER) reached 1000 ohms.  PMNs isolated from fresh human 

blood were incubated with class 1 SPATEs for 1 hour at 37°C and labeled with the 

calcein AM flourescent dye. PMNs were added to the basolateral side of inverted T84 

monolayer. fMLP, a chemoattractant was added to the apical side. Transmigrated PMNs 

were collected from the apical side after 4 hours and assayed for relative fluorescent 

intensity at Ex/ Em of 494/ 517.  

Apoptosis assay. Jurkat cells (ATCC TIB-152) were maintained in RPMI-1640 medium 

supplemented with 10% FBS, penicillin (10 U/ml) and streptomycin (10 μg/ml), at 37 °C 

under 5% CO2. Cells were activated with PMA (working concentration 5 ng/ml) and 

ionomycin (working concentration 0.5 μM) for 20 hours. Cells were treated with Pic and 

other class 1 SPATEs for 6 hours. Cells were stained for annexinV and PI as per 

manufacturer’s protocol (Thermo scientific). Cells were by flow cytometry using 

Beckmann Coulter Cyan ADP LX (Brea, California). Data were analyzed with FloJo 

version 4.5 software (TreeStar, Ashland, OR). 
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Discussion of chapter 3 

 We generated preliminary data suggesting that class 1 SPATEs are able to cleave 

recombinant integrins with great specificity.  The cleavage site on the integrin upstream 

of two alanine residues shows striking similarity to the proteolytic site of Pet, SepA and 

EatA on synthetic peptides. When p-nitroanilide conjugated peptide substrates where 

tested for cleavage specificity of various SPATEs, Pet exhibited 100% cleavage upstream 

of ala-ala-pro-ala [91], EatA showed 100% proteolysis upstream of ala-ala-pro-met [56] 

and SepA show 50% proteloytic cleavage upstream of ala-ala-pro-phe peptides[53]. This 

cleavage specificity has been compared to that of cathepsin G, a serine protease 

belonging to the chymotrypsin family, secreted by neutrophils to mediate antimicrobial 

effects [90]. Upon Pet treatment of PMNs, integrin αM chain expressed as αMβ2 (a.k.a. 

Mac1 or CR3) was cleaved in a concentration-dependent manner. We explored the 

possibility of Pet endocytosis by treating PMNs with brefeldinA (inhibitor of 

endocytosis) before Pet treatment. Although we observed a relative reduction in Pet 

cleavage by interrupting endocytosis, the PMNs had over-all upregulated levels of 

integrins due to brefeldinA treatment. We therefore think, the reduction of cleavage could 

be an artefact of this upregulation (data not shown). Further experiments, in stable cell 

lines that are known to express integrins is required to establish this. The endocytosis of 

Pet to target intracellular reserves of integrins is an exciting possibility.  

Moreover, we did not see any inhibition of integrin mediated function such as 

PMN transmigration nor did we observe inhibition of ACT mediated cytotoxicity in 

macrophagesm, an effect that is strictly dependent on intact Mac1 expression [82]. 

Further experiments need to be performed to ascertain definitively whether class 1 
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SPATEs in fact cleave integrins on leukocyte surfaces, and that our observation is not 

just an artifact of recombinant protein degradation.  

Integrins have been exploited by bacterial toxins previously [85]. In fact the class 

1 SPATE Sat has been previously shown to cleave integrin αLβ2 (a.ka. LFA-1). Proteins 

from the membrane fraction of human kidney epithelial cell line HEK-293 were treated 

with Sat or SatS256I site mutant. Protein profiling and mass spectrometric analysis of the 

differentially degraded product by the wild-type Sat revealed homology to LFA-1 [37]. 

This and our independent observation of cleavage of integrin αMβ2 by other class 1 

SPATEs as well, strongly suggests that integrins could be a physiological target worth 

further investigation.  

The adenylate cyclase toxin binds integrin αMβ2 (a.k.a Mac-1, CR3) to gain entry 

into macrophages and dendritic cells [82]. The H. pylori T4SS surface exposed 

component CagL possesses an RGD motif by which it binds to β1 integrins, thereby 

anchoring the T4SS machinery to the host cell membrane to inject its effectors such as 

CagA [86].   
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 Concluding remarks 

Diarrhea is a major cause of morbidity and mortality worldwide. Pathogenic E. 

coli have evolved diverse mechanisms of virulence by encoding unique sets of virulence 

factors. But one common theme among these pathogens is that they encode one or more 

SPATEs. From an evolutionary point of view, this implies that SPATEs are contributing 

to an important virulence mechanism common to all pathogenic E. coli.  Our laboratory 

postulates that this common contribution is most likely to be evasion of antibacterial 

immune defenses.  Furthermore, the high conservation of sequence, mode of secretion 

and common proteolytic targets between the members of this growing family shows that 

these SPATEs could provide survival advantage for non-pathogenic strains over other 

species while competing for colonization in the gut and other host sites.  

This dissertation project has helped us to further understand the role of SPATEs 

in pathogenic E. coli. In chapter 1, we have highlighted the major discoveries in the field 

of SPATEs over the years since its discovery in the early 1990s. While one can be certain 

that these molecules cleave a number of mammalian target proteins, some of which could 

be encountered by the pathogen in the host intestinal niche (fodrin as a target for class 1 

SPATEs, hemoglobin and coagulation factor V for EspP, etc), the in vitro models fall 

short of elucidating the overall roles of SPATEs in the context of natural disease. Animal 

models of diarrhea have been less than ideal systems to study host immune responses and 

mucosal interactions, due to the exclusive host specificity of human pathogens. The 

evolution of C. rodentium as a pathogen that can colonize and cause disease in laboratory 

mice has been exploited successfully by many microbiologists to study the role of A/E 

pathogens and by gut immunologists to study the gut immune system. Furthermore, C. 
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rodentium being a recently evolved pathogen that has acquired genes that cause attaching 

and effacing lesions and other virulence factors of pathogenic E. coli, the fact that it has 

also acquired 3 SPATEs further strengthens our theory of SPATEs as important virulent 

factors for intestinal pathogenesis.  

We wished to study the role(s) of SPATEs in C. rodentium pathogenesis, and to 

draw parallels to human disease; we addressed disease characteristics such as diarrhea 

production, mucosal colonization, weight loss, histopathology, immune cell infiltration 

and cytokine responses. Since much progress has been made in the study of class 2 

SPATEs by our group, we decided to focus on class 1 SPATEs, which are still lacking 

systematic studies in the context of intestinal disease. Chapter 2 describes our attempt to 

characterize the role of Crc1 in C. rodentium-induced colonic hyperplasia in the mouse 

model. Our finding that Crc1 has in fact an anti-inflammatory role could be illuminating 

to other research groups in the field of SPATEs.  Moreover, these data have further 

advanced our overall contention that SPATEs, class 2 and now class 1, are not toxins in 

the conventional sense of inducing host damage, but rather they contribute to 

pathogenesis by ameliorating the host immune response.  These effects may contribute to 

pathogen survival and transmission by prolonging host survival, possibly increasing the 

duration of communicability.  

Previously, our research group had established the anti-inflammatory role of the 

class 2 SPATE Pic, expressed by EAEC and Shigella. A Shigella pic mutant showed 

increased inflammation in the guinea pig keratoconjuctivitis model compared with its 

parent strain, an effect that was reversed when pic was complemented in trans. We are 

also interested in studying the role of Crc2, (the Pic homologue) in C. rodentium induced 
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colitis. In vitro, Crc2 is indistinguishable from Pic in terms of substrate specificity and 

induction of apoptosis and PMN oxidative burst [88]. Hence we think a crc2 mutant 

would have a similar hyper-inflammatory phenotype in colitis. But AdcA, which is the 

third C. rodentium SPATE and Pic could serve redundant functions since both are class 2 

SPATEs with similar protease and functional effects on leukocytes [88]. We would 

expect a more severe phenotype when two or three of these SPATEs are deleted. Our in 

vitro study of Crc1 and previous work on other class 1 SPATEs  showed its proteolytic 

specificity and  cytotoxic effects different from any of the other class 2 SPATEs. This 

could explain why some pathogens encode for both class 1 and class 2 SPATEs [54, 55] 

since these toxins could possess different mechanisms to cause the same effect of 

immune suppression.    

In addition to determining the in vivo role of Crc1, we also hypothesized that 

fodrin would not be the only proteolytic targets of class 1. In chapter 3 we explored the 

possibility that class 1 SPATEs target leukocyte surface molecules, in a manner similar to 

their class 2 relatives. We were able to show that in vitro, all class 1 SPATEs cleaved 

recombinant integrins, which are important for leukocyte migration. If this phenomenon 

can be proved on the surface of leukocytes or intracellular integrins stored in vesicles, it 

could fit into to our animal model, which shows that deletion of Crc1 causes increased 

infiltration to the site of infection. We were unsuccessful, however, in our attempts to 

reproduce this cleavage event on surface of PMNs or T cells. We think this observation 

could be due to the various conformations of the integrin molecule on the expressing 

leukocyte. Therefore we wished to perform functional studies on leukocyte integrins 

before ruling out this possibility. We also showed that class 1 SPATEs are different from 
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class 2 in that they do not cause apoptosis of activated T cells or inhibit PMN 

transmigration across epithelial monolayer.  

In conclusion, our data have significantly advanced understanding of SPATEs in 

the pathogenesis of intestinal and extra-intestinal pathogens. We have successfully shown 

that the C. rodentium model is an experimentally strong system for studying SPATEs, 

and we will continue to use this model to uncover the role of other SPATEs in vivo.  
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Appendix A: Serum resistance activity of Pic  

Background 

Pic has been previously characterized to provide serum resistance to DH5α by 

complement inactivation [45]. When normal human sera (NHS) are treated with DH5α, 

complete killing of DH5α is observed within one hour. But treatment of NHS with Pic 

confers protection to DH5α from complement-mediated killing (fig. 32).  

 

 

 

 

 

 

 

 

 

The complement system is one of the innate immune mechanisms to target 

pathogens for destruction by phagocytes. In the early phase of infection, complement can 

be activated on pathogen surfaces by 3 different pathways. The classical pathway is 

triggered when the complement protein C1q binds to lipoteichoic acid on gram-positive 

bacteria or antigen-antibody complexes are formed on the pathogen surface, followed by 

polymerization along with C1r and C1s to form a hexamer. The lectin pathway is 

triggered by mannose binding lectin (MBL) binding to mannose containing carbohydrates 

found in bacteria and viruses. Lastly, the alternative pathway is triggered spontaneously 

Navarro-Garcia et. al. [45]. 

 

Figure 32: Pic confers serum resistance 



89 
 

by binding of the complement protein C3 in the plasma to pathogen surfaces. All three 

pathways converge to the formation of a C3 convertase. In the classical and lectin 

pathways, the C3 convertase is C4bC2a. In the alternative pathway, the C3 convertase is 

C3bBb. Both these have the same activity to initiate subsequent events leading to three 

antimicrobial effects. Firstly, complement protein precursors are activated locally on 

pathogen surfaces and undergo proteolysis to smaller peptides, which act as chemokine 

mediators to phagocytes. Secondly, phagocytes have complement receptors which help in 

engulfing the pathogen opsonized by complement proteins C3b and C4b. Thirdly, 

complement terminal proteins C5b, C6, C7, C8 and C9 form the membrane attack 

complex (MAC), that forms pores on the bacterial membrane leading to death. The 

complement pathway is also regulated at various levels to prevent activation on host cell 

surfaces. One such regulatory protein is C1-esterase inhibitor (C1-INH). It prevents the 

formation of C1q-r-s complex by binding to C1r and C1s (fig. 33 left panel). CD55 (a.k.a 

decay accelerating factor) competes with factor B for binding to C3b and catabolizes C3b 

to iC3b (inactive C3b), thereby inhibiting the alternative pathway (fig. 33 right panel) 

[89]. 

 

 

   

 

 

 

 

(Image source: Janeway’s Immunobiology 7
th

  edition) 

Figure 33: Complement pathway is regulated by C1-INH and CD55 
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Results 

We sought to determine the proteolytic target of Pic in the complement pathways. 

Since Pic has specificity to O-glycoproteins, we looked for O-glycosylated proteins in the 

complement pathway. Several candidate proteins were identified (Table 4). 

 

Table 4: List of O-glycoproteins in the complement pathway and their function 

Putative O-

glycosylated Pic 

target 

Function Role in complement 

pathway 

C4 Complement Essential subunit of the C3 

convertase (C4b2a) and the C5 

convertase (C3bC4b2a) 

enzymes. 

Classical pathway 

mediator 

MASP3 

Mannan binding 

lectin serine 

protease3 

Alternatively spliced form of 

MASP2, that competitively 

inhibits MASP2 association 

with MBL 

Regulation of lectin 

pathway 

C1INH 

C1 inhibitor 

It forms a proteolytically 

inactive stoichiometric 

complex with the activated 

C1r or C1s proteases and 

activated MASP2. 

Regulation of classical 

complement pathway 

CD55 (DAF) 

Decay Accelerating 

Factor 

Membrane protein that 

displaces Bb from C3b and 

C2a from C4b. 

Regulation of alternative 

pathway 

 

 

We tested all of these proteins for cleavage by Pic and other class 2 SPATEs. 

Recombinant human MASP3 and C4 were not cleaved by Pic (data not shown). But 

recombinant human C1-INH was completely cleaved by Pic, PicU, Crc2 and Tsh in 1 
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hour and partially cleaved by Vat-Ex. CD55 was partially cleaved by PicU, Pic and 

completely cleaved by Vat-ex, Crc2 and Tsh in 1 hour. (fig. 34).   

 

 

 

 

 

 

 

 

 

 

3µg of recombinant human C1-INH and CD55 was treated with 1µg of 

class 2 SPATEs for 1 hour at 37°C. Proteins were analyzed by SDS-gel 

electrophoresis. 

Figure 34: Pic and its Class 2 homologs cleaves C1-INH and CD55. 
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The complement system has 3 pathways – the classical, lectin and alternative 

pathways of activation. We wanted to test which of these pathways was being inhibited 

by Pic. So we tested C1q-depleted sera (which was deficient in the classical pathway) and 

Factor B depleted sera (which is deficient in the alternative pathway) for serum killing 

and resistance activity conferred by Pic. We found that upon depletion of C1q and Factor 

B there was only partial killing of DH5α (60% killing) indicating that both these 

pathways are important for complement mediated killing. But while addition of Pic to the 

C1q-depleted sera still conferred protection to DH5α, the Factor B depleted sera did not 

show increased survival even upon treatment with Pic (fig. 35). This indicated that Pic 

could be inactivating the Factor B mediated i.e. alternative pathway. 

Further experiments to test this hypothesis would include pre-treatment of Pic 

with excess CD55 to saturate Pic activity and then analyze loss of serum resistance in 

normal human sera. Alternatively, one could complement the factorB depleted sera with 

increasing concentrations of factor B and test for restoration of serum resistance by Pic in 

a dose dependent fashion.  
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Normal human sera or depleted sera was treated with 10 µg of Pic or PBS for 1 

hour at 37°C. 100µl of DH5α (OD 6.0) was treated for 1 hour. CFU of DH5α 

surviving  was measured by serial dilution and plating. Survival is represented 

as percentage of CFU in normal or depleted sera compared to heat inactivated 

sera.  

Figure 35: The serum resistance activity of Pic is abolished in sera 
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Methods. 

Pic serum resistance assay. Normal human sera or heat inactivated sera or depleted sera 

was treated with approximately 10 µg Pic or PBS for 1 hour at 37°C. 100 µl of DH5α 

(OD 0.6) culture was washed in PBS and treated to the sera for one hour at 37°C. DH5α 

was serially diluted and plated for retrospective cfu counting. Survival was calculated as 

percentage of cfu of normal human sera treated smaples versus heat inactivated sera.  

Discussion  

 

Serum resistance is an important virulence trait for blood-borne pathogens. The 

class 2 SPATEs might provide a survival advantage to intestinal pathogens such as 

pathogenic E. coli to survive in the blood stream and cause infection in extra-intestinal 

sites such as the brain. In fact, we think this could be the reason behind the high 

prevalence of Tsh in septicemic E. coli [88]. Understanding the mode of action of 

conferring serum resistance is important to better understand the virulence of these blood 

borne pathogens. StcE is a metalloprotease from EHEC that confers serum resistance by 

sequestering the complement inhibitor C1-INH molecule. It binds to the OM of the 

bacterial cell wall and localizes C1-INH molecule such that the complement activating 

proteins C1q, C1r and C1s cannot polymerize to trigger bactericidal activity (fig. 36) 

[87]. We think Pic could act similarly by sequestering both C1-INH and/or CD55 (both 

of which are inhibitors of the classical and alternative pathway respectively) on the 

surface of EAEC.  
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Further experiments to prove this hypothesis include immuno-fluorescent tagging 

of C1-INH and Pic on the surface of EAEC and visualization under high magnification 

for colocalization of Pic and C1-INH. Also, direct interaction between Pic and C1-INH 

could be determined by co-immunoprecipitation of Pic on immobilized C1-INH on 

agarose beads followed by western blot using anti-Pic antibodies to determine Pic 

binding to C1-INH. Similar experiments can also be done to look for Pic- CD55 

interaction. 

 

1. StcE binds to surface of EHEC. 2. StcE sequesters C1-INH to the bacterial 

surface. 3. C1-INH binds to C1 complex preventing complement activation on 

bacterial surface. 4. StcE cleaves C1-INH releasing C1-bound C1-INH complex. 

5. StcE binds to next C1-INH molecule. 

Figure 36: Potentiation of C1-esterase inhibitor on pathogen surface by StcE. 
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Appendix B:  Characterization of proteolytic activity of C. rodentium class 2 

SPATE- Crc2 

In order to determine the proteolytic target(s) of C. rodentium SPATEs, we tested 

the supernatants of the C. rodentium wild type and its Δcrc1 and Δcrc2 derivatives for 

proteolytic activity on previously identified substrates. Most class 2 SPATEs are 

mucinolytic [88]; hence we tested proteolysis of bovine submaxillary mucin. The wild-

type supernatant was able to cleave mucin into smaller molecular weight fragments and 

the supernatant from Δcrc2 did not cleave mucin (fig. 37). Recently, Ruiz et. al has 

shown that the Crc2 like its Pic relative cleaves 0-glycoproteins CD45, CD44, CD162 on 

the surface of PMNs and lymphocytes [88].  
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200 µg of bovine submaxilliary mucin was treated with 10 µl of 

concentrated supernatants from C. rodentium WT, ∆crc1 and ∆crc2 culture 

overnight at 37°C. Proteins were analyzed by SDS gel electrophoresis.   

Figure 37: Determination of mucinolytic activity of C. rodentium supernatants 
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Appendix C 

Protocol for purification of Crc1 

 
 
 

 

 

 

Panel 1.Supernatants from T7 Express lysY/Iq pVV2 strains were centrifuged and 

filtered to remove residual bacteria (lane2). 50% ammonium sulfate was added 

with stirring to precipitate all proteins (lane 3). Precipitate was centrifuged and 

dialyzed with Tris HCl pH 8.0 overnight in a 50 kDa cut off dialysis membrane 

(lane 4 and5).  

 

Panels 2 and 3. Dialysed concentrate was passed through a QA fast flow 

sepharose anion exchange column to capture Crc1. Crc1 was eluted using varying 

conentrations of sodium chloride (100mM to 500mM).  

 

Panel 4. The fraction with maximum protein yield was further dialyzed in PBS 

(lanes 2, 3 and 4) and protein concentration was determined. Appropriate 

concentrations of purified Crc1 was used in subsequent in vitro experiments. 
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Appendix D 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Secretion of Crc1 and Crc2 into the culture supernatant by C. rodentium 

ICC168. Supernatants from WT C. rodentium, Δcrc1 and crc1-repaired 

bacterial cultures were collected. The supernatant was concentrated 1000 fold 

using amicon filters of 70 kDa cut-off size. The supernatants were analyzed 

by SDS-PAGE. CrC2 (predicted molecular weight 109.3 KDa) and Crc1 

(predicted molecular weight 104.9 KDa) appeared above the 100KDa band of 

the molecular weight ladder (shown by arrows). 

Confirmation of Crc1 deletion.  Supernatants from WT C. rodentium, 

Δcrc1 and crc1-repaired strain bacterial culture were collected. The 

supernatant was concentrated 1000 fold using amicon filters with 70 kDa 

cut-offsize. The supernatants and the purified CrC1 toxin were analyzed by 

immunoblot using anti-Crc1 rabbit polyclonal antibody. The faint band 

observed in the ∆crc1 lane possibly corresponds to antibody cross reactivity 

to Crc2 since these SPATEs are highly homologous.     
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Appendix E 

 Plausible model for Crc1 mediated anti-inflammatory response 

 

Based on our data we propose the following model for Crc1 mediated anti-inflammatory 

response during C. rodentium infection. 
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1. Normal gut immune system 

 

2. C. rodentium colonization (         ) and secretion of Crc1 (      ). 

 Increase of epithelial permeability mediated by the T3SS results in diffusion of 

Crc1 to basolateral side of epithelium. 
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3. IL22 and KC are early cytokines that were upregulated in response to infection. 

KC, a neutrophil chemo-attractant caused PMN infiltration from day 5 onwards. 

Crc1 could either target the infiltrating leukocytes directly or target the epithelial 

cells to indirectly prevent leukocyte infiltration by an unknown mechanism. 

 

4. Increase production of cytokines IL6, IL1β and TNFα suggesting a Th22 

dominant immune response.  
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5. Marked increase in B and T cells population on days 5 and 10. 

 

 

6. In the absence of Crc1 such as in the ∆crc1 infected mice, we observed 

comparable levels of C. rodentium colonization. 
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7. Early cytokine IL22 and KC were up regulated comparable to WT infected mice  

 

8. An elevated level of PMN infiltrate was observed in the absence of Crc1 in 

comparison to the wild-type or crc1-repaired infected groups. 
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9. On day p.i. several folds more transcripts for IL6, IL1β and TNFα was present in 

the ∆crc1 infected group. Additionally more transcripts for IL23p19 and 

antimicrobial peptide- RegIIIγ were observed implicating a stronger Th22 

immune response in this group compared to wild-type or crc1-repaired infected 

groups. 

 

10. Increased infiltration of T cells and B cells (that are either the source or a 

consequence of the elevated cytokines levels) was also observed in the absence of 

Crc1. 
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11. In conclusion, Crc1 has an anti-inflammatory effect in C. rodentium infection and 

it is associated with reduced Th22 cytokines and reduced leukocyte infiltration by 

an unknown mechanism 
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