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ABSTRACT

Title of Dissertation:
Comparisons of Native and Chimeric Shiga Toxins Indicate that the Binding

Subunit Dictates Degree of Toxicity

Lisa M. Russo, Doctor of Philosophy, 2014

Dissertation directed by:

Alison O’Brien, Ph.D.
Professor and Chair, Department of Microbiology and Immunology

Shiga toxin (Stx) producing Escherichia coli (STEC), particularly serotype
0157:H7, are important foodborne human pathogens that cause outbreaks of hemorrhagic
colitis and a severe sequela, the hemolytic uremic syndrome. Stx, the primary virulence
factor for this group of organisms, is responsible for the histopathological kidney lesions
that result after infection with STEC. An O157:H7 strain may produce Stxla, Stx2a, or
both Stxs. The Stxs are biologically similar, though antigenically distinct, ABS5 toxins
with an identical mode of action that inhibits host cell protein synthesis and leads to cell
death, The A subunit is comprised of two parts, the A; subunit that is responsible for the
N-glycosidase activity of the molecule and the A; peptide that is threaded through the

center of the homopentameric B subunit and non-covalently links the A and B subunits

vi



together. The B subunit is responsible for binding to the host cell receptor,
globotriaosylceramide (Gb3).

Although the Stxs have an identical mode of action, Stx1a is associated with
increased cytotoxicity for Vero cells in vitro compared to Stx2a, while Stx2a is associated
with increased in vivo toxicity compared to Stx1a. The primary goal of this dissertation
was to investigate that paradox. First, we determined the oral toxicity of the Stxsin a
mouse model. We assessed the oral LDsq for Stx2a, defined the resultant kidney
histopathology, and, finally, protected and rescued mice with a monoclonal antibody
against Stx2a. However, we did not observe any morbidity or mortality after intoxication
with Stx1a. Second, we used chimeric toxins to analyze the contribution of the individual
Stx subunits to in vitro cytotoxicity and in vivo morbidity and mortality. Our chimeras
were unique in that the A, and B subunit were generated from one native Stx, while the
A\ subunit that contained the catalytic domain was derived from the heterologous Stx.
We found that the A, peptide increased stability of the chimeric holotoxin. Our chimerics
were the first such molecules reported to exhibit activity equivalent to the native Stx with
the corresponding B subunit. Additionally, the origin of the B subunit was responsible for
the degree of binding to Gb3 and toxicity. The Stx1a B subunit was associated with
increased in vitro binding and cytotoxicity compared to the Stx2aB subunit; conversely,
the Stx2a B, when compared to the Stx1aB subunit, was correlated with increased in vivo

toxicity and enhanced amounts of active toxin recovered in feces after oral intoxication.
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CHAPTER 1

Introduction



Historical overview

Shiga toxin (Stx) producing E. coli (STEC) were recognized as an emerging cause
of disease in the early 1980s with the publication of three seminal papers that defined the
field. First, in 1983, Karmali and colleagues reported that the stools of patients with the
hemolytic uremic syndrome (HUS) contained a cytotoxin and that that cytotoxin was also
made by certain E. coli isolates from those fecal specimens (128). Second, Riley ef al.
described two outbreaks of bloody diarrhea that occurred in Oregon and Michigan, each
of which was associated with consumption of beef patties from a particular fast food
restaurant (233). These investigators also noted that a novel serotype, E. coli O157:H7,
had been isolated from the stools of 9 of 12 patients in Michigan and from a hamburger
patty linked to the outbreak. Third, O’Brien and colleagues discovered that E. coli
0157:H7 produces a cytotoxin that can be neutralized by antibodies to Stx from Shigella
dysenteriae type 1 (Stx was discovered by Dr. Kiyoshi Shiga in 1898 (257)) and that the
cytotoxin was identical to the toxin described by Karmali et al. (203). O’Brien ef al. also
purified that cytotoxin from E. coli O157:H7 (202). Later, Stx2, a second, closely related
toxin that is not neutralized by anti-Stx sera was also discovered in certain isolates of E.
coli O157:H7 (254; 275). In a retrospective review of the literature, Tarr ef al. proposed
that the occurrence of earlier cases of sporadic HUS were likely attributable to E. coli

O157:H7 (280).

Nomenclature

The initial nomenclature for what we in the United States now call Shiga toxin

was complicated by the identification of the same E. coli cytotoxin by different groups
2



who gave the toxins different names. Konowalchuk e al. originally described a cytotoxin
made by some diarrheagenic E. coli strains that killed Vero cells (145). Karmali and
colleagues called the cytotoxin they found associated with E. coli strains that caused HUS
Verotoxin (128) based on the findings of Konowalchuk et al. (145). O’Brien et al.
reported that the same cytotoxin was actually equivalent in structure and activity to Stx
from S. dysenteriae type 1 (202; 203) and, therefore, named it a “Shiga-like” toxin.
O’Brien et al. proposed that all future publications refer to the toxin as Shiga-like toxin
instead of Verotoxin because the former name had historical precedence and indicated its
relationship to Shiga toxin (201). The proposal was not fully supported, and both names
continued throughout the literature. Later, “like” was removed from “Shiga-like”, and the
two toxin non-cross-neutralizable serogroups were named Stx type 1 (Stx1) and Stx type
2 (Stx2) to indicate their relationship to Stx (44). Recently, a modification of that
nomenclature scheme has been developed to differentiate the prototype toxins within
each family, Stx1a and Stx2a, from the numerous Stx variants that have been identified
(described below) (248). For the remainder of this dissertation the prototype Stxs will be

referred to as Stxla and Stx2a.

Factors that led to development of E. coli O157:H7 as a pathogen responsible for
food-borne outbreaks

After the discovery that E. coli O157:H7 infections were responsible for bloody
diarrhea and HUS, the number of reported outbreaks caused by these agents increased
rapidly. Whittam and colleagues then undertook phylogenic analyses of STEC isolates to

determine whether this group of organisms had recently emerged from a common

3



ancestor or whether they had existed but were simply not recognized (313). These
investigators concluded that STEC serotype O157 strains had recently diverged from an
055 enteropathogenic E. coli (EPEC) strain with a high propensity to acquire virulence
factors (314). Thus, multiple evolutionary changes from the progenitor O55 EPEC strain
had occurred that led to the genomic content of the current O157:H7 STEC strains. Of
particular importance was the acquisition of the sfx; gene prior to the acquisition of the
stx; gene (73). Additionally, changes in the way food (particularly beef) was processed
and distributed had taken place in the United States during the period just prior to
recognition of the first O157:H7 outbreak in 1983. Specifically, the increase in the fast

food culture resulted in centralized beef production (12; 21).

Source of STEC

Cattle and other ruminants are the natural reservoir for STEC (12; 13; 102). The
animals are asymptomatically colonized at the recto-anal junction (196). Colonization
levels are cyclical; however, at any time, approximately 60-70% of feedlots have at least
one E. coli O157:H7- positive animal and fecal samples from up to 20-30% of cattle may
test positive for the organism (68; 70). Stx does not damage the ruminant vasculature and
appears not to reach the systemic circulation to cause disease. The most likely
explanation for the lack of Stx toxicity in cattle is that these animals do not express the
Stx receptor globotriaosylceramide (discussed later) at the site of bacterial colonization or
in the kidneys (225). The absence of physical symptoms in cattle and the challenge of
culturing large numbers of such animals preclude the identification and removal of

infected animals before they enter meat processing facilities, the primary sites where
4



contamination of hamburger occurs (46). Multiple approaches to decrease STEC carriage
in feed lot cattle have been undertaken, such as dietary management, competitive
colonization with probiotics, and antibiotics; however, the results of these attempts have
been mixed (reviewed in (46)). Cattle vaccines have demonstrated the potential to
decrease E. coli O157:H7 colonization levels; nevertheless, the practice of vaccination

against E. coli O157:H7 is not widespread (188; 265; 289).

Human STEC infection is primarily a foodborne disease acquired through
transmission from contaminated food stuff, although environmental and person to person
spread are known to occur (18; 228). Initially, ground beef was implicated in the majority
of outbreaks (16; 65); however, fresh produce and unpasteurized beverages are now also
prominent vehicles (41; 58; 83; 136; 181). The majority of STEC infections occur in the
summer and early fall, and the incidence of STEC infections is increased in rural versus
urban environments, probably due to exposure to cattle or their manure (141; 264). Upon
ingestion of STEC O157:H7, the bacteria colonize the colon and release Stx. The primary
disease manifestation is hemorrhagic colitis (HC), which occurs in 90% of infected
individuals, and a subset of patients progress to the serous sequela, HUS (described

below) (280).

STEC epidemiology

STEC are an ever expanding subset of E. coli strains that are defined by the
presence of stx; and/or stx; genes (98; 125; 126; 195). Strains are identified by their

serotype, i.e., the particular lipopolysaccharide (LPS) or O antigen and the flagellar or H



antigen expressed by the organism. The serotype O157:H7 is the most frequently
reported cause of illness due to STEC in the United States (247). Indeed, the CDC
estimates that the O157:H7 serotype accounts for approximately 63,000 of the 120,000
estimated STEC cases each year, and that agency reports that it is also the most frequent
STEC linked to the development of HUS in infected individuals (247). Recently, non-
0157 STEC serogroups have also been recognized as pathogens that can cause
significant human disease (43; 67; 74; 122). Specifically, serogroups 026, 045, 0103,
0111, 0121, and O145 are classified as the “big six™ and are now, like O157:H7,
considered adulterants in food. As such, if any of these six STEC serogroups or O157:H7
are detected in ground beef (for example), the product will be recalled (43). As
previously mentioned, non O157 serotypes are reported less frequently than O157:H7 as
agents of foodborne outbreaks and or sporadic cases of STEC illnesses; however, these
non-0157:H7 serotypes are probably underreported due to the difficulty of distinguishing
these organisms from normal flora E. coli present in stool samples (23). Conversely,
serotype O157:H7 is easily identified on sorbitol-MacConkey (SMAC) agar, since it is
unable to ferment sorbitol and grows as colorless colonies while the majority of other E.

coli serotypes readily ferment sorbitol and grow as pink colonies.

Virulence factors of STEC other than Stx

STEC strains are classified as locus of enterocyte effacement (LEE)- positive or
LEE- negative strains. Enterohemorrhagic E. coli (EHEC), a subset of STEC comprised

of LEE- positive strains, contain the serotypes most often associated with human disease.
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As mentioned above, E. coli O157:H7 is prominent among these EHEC as a cause of
human disease. The LEE is a chromosomally-encoded pathogenicity island that contains
multiple virulence factors (reviewed in (195)). Intimin, encoded by the eae gene, is the
primary STEC adhesin and is responsible for the close association of the bacterium with
the colonic epithelial cell (79). Intimin initially binds to nucleolin on the host cell until its
primary receptor, Tir (translocated intimin receptor), is transported through the type three
secretion system (T3SS) into the cytoplasm of the host cell (132; 263). Other E. coli
secreted proteins (Esps) are also exported through the T3SS. As a group, the Esps are
responsible for the actin cytoskeletal rearrangement and pedestal formation that is
characteristic of the attaching and effacing (A/E) lesion that protrudes from the intestinal
microvillus of the EHEC-infected cell. Effacement of the microvillus leads to destruction
of the microvilli and subsequent loss of gastrointestinal absorptive properties; together,
these events result in diarrhea in the infected host. (A model of the proposed steps in

EHEC pathogenesis is depicted in Figure 1).

LEE- negative STEC strains can also cause disease. They encode adhesins other
than intimin, such as the long polar fimbriae. These factors promote adherence to the host
cell (without A/E lesions) and in vivo colonization and disease (72; 217). Additionally,
some STEC isolates contain a large plasmid, pO157 that encodes potential virulence
factors, a hemolysin and a type 2 secretion system; however, the roles of the products

encoded on this plasmid in STEC pathogenesis are unknown (249).
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Figure 1. Model of the steps in EHEC O157:H7 pathogenesis.
(A) E. coli O157:H7 are ingested, survive the low pH of the stomach, and then
transit through the gastrointestinal tract to reach the primary site of
colonization, the colonic epithelium. Intimin, the outer surface adhesion
molecule of E. coli O157:H7, initially adheres to nucleolin, a low affinity
receptor (263), on the host cell. (B) EHEC secretes its primary adhesin Tir, the
translocated intimin receptor, through a T3SS into the host cell. Other E. coli
secreted proteins (Esps) are also injected into the target cell and cause
rearrangement of the actin cytoskeleton. Stx is released early in colonization.
(C) The tight interaction of intimin and Tir, combined with actin rearrangement
results in the characteristic attaching and effacing (A/E) lesion and the
destruction of the microvilli. Stx is able to translocate across the epithelial
layer, without the inhibition of protein synthesis or necrosis, to reach the
basolateral vasculature (5; 110; 222).



Shiga toxins

Stx1a and Stx2a, two biologically similar though antigenically distinct AB5
toxins [50], are the primary STEC virulence factors (reviewed in (173; 195)). Stxla and
Stx2a share approximately 57% amino acid (aa) homology (204), similar crystal
structures, and an identical mode of action (described below). Stx1a and Stx2a are
encoded on chromosomally-inserted, inducible, lambdoid bacteriophages (303). The Stx
subunits are located in operons and are transcribed with the late stage phage genes. Upon
phage conversion to the lytic cycle, Stx expression is induced via the SOS response
pathway. Stxla transcription is additionally repressed in high iron concentrations by Fur
(45). The mobility of the phage allows Stx loci to enter new strains through horizontal
gene transfer, a feature responsible for the evolution of new STEC strains. This type of
lysogenic phage conversion was evident in the summer of 2011, when an
Enteroaggregative E. coli (EAEC) strain acquired the Stx2a phage; that E. coli O104:H4
Stx2+ strain was responsible for the largest outbreak of HUS ever recorded (78). The
mobility of the Stx-converting phage also means that it can be lost, especially when
induced in the lytic cycle (29). Therefore, absence of stx from a clinical sample does not

necessarily mean STEC was not responsible for the illness.

Shiga toxin variants

Stx variants were originally recognized as immunologically related to Stxla or
Stx2a but with different biological activities. An increase in the number of Stx-expressing
isolates with minor nucleotide alterations in the toxin genes led to an ad hoc classification

system that blurred the distinction between biologically and/or immunologically distinct
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toxin variants and functionally similar toxins with sequence modifications. A multicenter
phylogenetic analysis resulted in a universal PCR typing system for the identification of
each variant within the two Stx serogroups (248). The prototype Stx in each group,
named Stxla and Stx2a, respectively, is responsible for the most severe disease in each
group.

The Stx1 group contains Stx1a and two additional variants, Stx1c and Stx1d, both
of which are immunologically distinct from the prototype (210; 320). Stx1a is identical to
Stx of S. dysenteriae type 1, with a maximum of one aa difference. Stx1a is responsible
for STEC-associated human disease. Stx1¢ and Stx1d have decreased cytotoxicity
compared to Stxla and are rarely associated with human disease (82).

The Stx2 group is considerably more diverse. Variants identified to date include:
Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g. The first Stx2 variant recognized
was Stx2e (169). Stx2e causes edema disease in pigs, an illness that affects the central
nervous system and is often fatal [74, 75]. That toxin prefers a different functional
receptor globotetraosylceramide, then does Stx2a (62) and is less active on Vero cells
than is Stx2a (169). The next Stx2 variant recognized was Stx2¢ (251). Although Stx2¢
can result in human disease, it has decreased in vitro and in vivo activity compared to
Stx2a (86; 251). The third Stx2 variant recognized was Stx2d. That Stx2d toxin is
activatable was first recognized by Melton-Celsa et al. (174). These investigators
incubated the toxin with mouse intestinal mucus and found that the cytotoxic activity of
the toxin for Vero cells had increased. This same group also noted that that two aa, at

positions 291 and 297 are changed in the A subunit of Stx2d compared to Stx2a and that
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activation occurs when elastase (the substance in intestinal mucus responsible for
activation (144) removes the final two aa, positions 296 and 297, from the C terminal tail
of the A subunit of Stx2d (144). Activation also results in increased toxicity, compared
to Stx2a, in a streptomycin-treated (Str) mouse model (176), and Stx2d is associated with
the most severe forms of STEC disease, HC and HUS (27). Two aa differences in the B
subunit of Stx2¢ and Stx2d result in decreased in vitro activity, compared to Stx2a (154).
Variant Stx2b is similar to Stx2d; however, Stx2b cannot be activated and is rarely
associated with human disease (223; 273). Stx2f and Stx2g have not been linked to

human disease and, in fact, have only been isolated from animal STEC (151; 250).

Shiga toxin structure

Although Stx1a (Stx (80)) and Stx2a (81) are AB5 toxins with a similar crystal
structure (Figure 2), the holotoxins only share 57% aa homology. The mature A subunits
for Stx1a and Stx2a are 293 and 297 aa, respectively. The A subunit contains a
proteolytic site that is cleaved by furin, or a similar protease, into the A; subunit (252 aa
for both toxins) (Figure 2, shaded dark blue), and A, peptide (41 aa for Stx1a and 45 aa
for Stx2a) (Figure 2, shaded light blue). The A; subunit remains linked to the rest of the
toxin molecule through a disulfide bond between cysteines at position 242 and 261 or 241
and 260, for Stx1a and Stx2a, respectively (Figure i, shaded yellow). The active site of
the A, subunit, which is responsible for the catalytic activity of the toxin molecule (42),
is the glutamic acid at position 167 (107) (Figure 2, shaded red). Although both Stxs
share the same active site, part of the A, peptide occludes the active site in the Stxla

holotoxin structure, while that site is accessible in the Stx2a holotoxin (81). The A,
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peptide comprises the C terminus of the A subunit and non-covalently binds to the mature
B pentamer. The A; is threaded through the center of the pentamer and provides stability
to the overall holotoxin structure (14). The additional four aa of the A, peptide for Stx2a
cause it to extend below the B pentamer, and that tail partially blocks one of the receptor
binding sites (discussed below) (81).

The B subunits, 69 aa per monomer for Stxla and 70 aa per monomer for Stx2a
(Figure 2, shaded green), form homopentamers that are responsible for binding to the
host cell receptor, globotriaosylceramide (Gb3) (301). Crystallization of the Stx1a mature
B pentamer revealed three independent receptor- binding sites per monomer (155). Two
of the binding grooves incorporate residues from adjacent monomers; therefore, the
mature pentameric structure is required to bind the receptor. The crystal structure of the
Stx2a B subunit revealed two binding sites per monomer (81). The extension of the A,
tail blocks the binding site in one of the B subunit monomers, and this blockage alters the
steric conformation of the binding site in the rest of the pentamer (81). The authors
propose that binding site three requires all five monomers to bind Gb3 (81). Additionally,
there is a conformational change in the binding cleft at site two due to a difference in the
interaction of the carboxy-terminus of each B monomer with the A subunit of Stx2a
compared to Stx1a (81). Despite the conformational differences in site 2 between the B
pentamers of Stx1a and Stx2a, several studies have identified binding site 2 as the site

with the greatest receptor binding affinity for both Stx1a and Stx2a, (138; 155; 199; 258).
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Stx-receptor binding

Gb3 is the functional receptor for all Stx variants except Stx2e; as mentioned
above, that Stx binds preferentially to globotetraosylceramide (Gb4) (62; 158; 243). Gb3
is a glycosphingolipid (GSL), i.e., an amphipathic molecule composed of a hydrophobic
ceramide that serves as a membrane anchor and a hydrophilic trisaccharide with a fatty
acid (FA) tail of variable length (C14-C24) (8; 133; 219). The structure of the
trisaccharide is Gal-a1-4-Gal-B1-4-Glc (159). Gb3 is necessary for Stx intoxication
(excluding Stx2e) (119). Removal of the Gb3 synthase gene from otherwise sensitive
wild type C57BL/6 mice rendered the knockout animals insensitive to Stx (211), while
transfection of the Gb3 synthase gene sensitizes otherwise unresponsive cell lines (300).
Of note, Fabry mice, animals that have a genetic disorder such that Gb3 expression is
increased systemically, are less sensitive to Stx intoxication. One hypothesis as to why
these mice are insensitive to the lethal effects of Stx is that toxin is sequestrated or bound
to Gb3 on irrelevant cell types before it can reach its receptor (Gb3) at the functional site
of intoxication that leads to death, the kidney (56).

Gb3 is mobile within the cellular membrane and often arranges into lipid rafts,
detergent resistant membrane domains (DRM) with high cholesterol content (reviewed in
(19)). Lipid rafts add structure to the membrane and increase Gb3-Stx binding. Since Stx
binds Gb3 in a dose-dependent manner, the increased Gb3 density within a lipid raft is
thought to be important for Stx pathogenesis (19; 37) and may affect the Stx intracellular

transport (316). Although cholesterol is believed to be important for the maintenance of
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the DRM (25; 49), two reports proposed that cholesterol may mask the majority of GSL
receptors within the lipid raft (161; 167).

Receptor- positive cells express a heterogeneous makeup of Gb3 populations (49;
170; 207; 219; 252). FA chain length and degree of saturation affect Stx binding affinity
(7; 8). Stx2a prefers shorter chain lengths (C16-18), while Stx1a binds preferentially to
long FA chains (C20-C24) (104; 133; 158). Mutations in the Stx B subunit result in
differential FA chain length affinities. For example, a mutation in the B subunit of Stx2e
that results in the genotypé of a mature B subunit equivalent to Stx1a, changes the
receptor preference from Gb4 to Gb3 (39; 295).

Cellular sensitivity to Stx is determined by the site of tissue origination (reviewed
in (19)). Gb3 mRNA is expressed in the brain, heart, kidney, spleen, colon, small
intestine, and lungs of humans and mice (85; 143); however, expression on specific cells
within these organs varies considerably (252; 324). Although Gb3 is expressed in human
and mouse kidneys, the receptor is expressed in the glomerulus and tubules of humans
while it is only expressed in the tubules of mice (85). Additionally, Gb3 expression levels
vary across cell types and locations (Table 1). Human renal glomerular endothelial cells
are 1,000X more sensitive than human brain endothelial cells (20; 24). Microvascular
endothelial cells express up to 50X more Gb3 and are much more sensitive to Stx than
are macrovascular cells, such as human umbilical vein endothelial cells (HUVECs) (207).
Lastly, the microenvironment of Gb3- positive cells can influence the expression of the
receptor and, therefore, sensitivity to Stx. The addition of butyrate, a metabolite that

results from bacterial fiber fermentation (101), results in a systemic increase in Gb3
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expression, and, consequently, an increase in Stx binding to and intoxication of target
cells (324). However, the effect of the metabolite is lost soon after its removal (324), a
tinding that demonstrates the sensitivity of the response and the importance of

physiological conditions within study parameters.
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Table 1. Cell line heterogeneity of Gb3 expression

Cell Line Abbreviation Phenotype Conclusion Ref
Human renal glomerular endothelial — pmec Stx1a cytotoxicity: Endothelia sensitivity: 0
: i . HBMEC HGMEC 1,000X > HBMEC renal > neural ’
Human brain endothelial cells
Human renal microvascular endothelial Gb3 expression: Endothelia sensitivity:
cells HRMEC HRMEC 50X > HUVEC e o)
Human umbilical vein macrovascular HUVEC Stx1a cytotoxicity: m:crovascular
endothelial cells HRMEC > HUVEC
Gb3 expression:
Human brain microvascular endothelial EA.hy 962 > HBMECs (3b3 expression:
cells HBMEC EA.hy 962 FA: C24 >C16 microvascular > @52)
Macrovascular endothelial cells EA.hy 962 HBMECs FA: C24=C16 macrovascular
EA.hy 962: Gb3 synthase only + different Gb3 species
HBMECs: Gb3 and Gb4 synthase
Gb3 expression: )
Primary human renal proximal tubule HRTEC Proximal tubular cells > Vero cells I:fn:lcalsg r}?;{fl;llfzﬁmzi (108)
epithelial cells (cultured in vitro 24 h) Pro-inflammatory cytokines increase P ng3 y

Stx1a cytotoxicity




Intracellular trafficking and mode of action of Stxs

Stx can translocate across intestinal epithelial cells (5; 110) that exhibit low
levels of Gb3 on their surface (324) to reach the microvascular endothelial cells. Stx
enters systemic circulation in a mechanism as yet to be elucidated to reach the kidneys.
The Stx target site in humans is the glomerular microvascular endothelium (28);
however, Stx additionally intoxicates glomerular epithelial (109), mesangial cells (299),
and tubular epithelial cells (61; 108). Stx also affects pulmonary (298) and cerebral (24)
endothelial cells. In mice, the primary target of Stx is distal tubular epithelial cells (130).

Upon binding to its receptor, Gb3, Stx undergoes endocytosis into host cell (see
Figure 3 for model of entry and intoxication of a cell by Stx). Endocytosis primarily
proceeds through the clathrin-dependent pathway; nevertheless, clathrin-independent
endocytosis does occur (22). Stx undergoes retrograde transport from early endosomes
through the trans-Golgi complex to the ER (244). Gb3-mediated endocytosis is required,
as Stx transit initiated through a non-receptor pathway does not reach the Golgi (71; 227).
The Stx A subunit may undergo cleavage into the A;/A, components in the intestinal
mucus (174); otherwise furin cleaves the subunit as Stx exits the Golgi (90). The A;
subunit remains attached to the rest of toxin molecule in the ER through a disulfide bond
(244). The disulfide bond is reduced as the A; subunit is unfolded and released into the
cytosol where it acts as an N-glycosidase (42; 69; 246) to remove an adenine from the
alpha-sarcin loop of the 28s rRNA of the 60 ribosome. That action prevents the

association between the ribosome and elongation factor 1 with a consequent inhibition of
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Figure 3. Stx transit through a receptor- positive cell.
(1) Systemic Stx binds to Gb3, located in a lipid raft, on a host cell membrane.
(2) The toxin molecule enters the host cell through endocytosis into an early
endosome and under goes retrograde transport. (3) Stx transits through the
Golgi apparatus to the ER. If the A, subunit is not cleaved from intestinal
mucus, it is cleaved by furin as it exits the Golgi. (4) The A| remains attached
to the toxin molecule by a disulfide bond at is transits through the ER. (5) The
bond is reduced and the A; subunit partially unfolds as it enters the cytosol. (6)
The A, subunit binds to a ribosome and (7) depurinates the adenine on the 28S
rRNA of the 60S ribosome, a process that inhibits protein synthesis and results
in apoptosis. (8) Entry of the A; subunit into the cytosol may also trigger the
ribosomal stress response (RSR) or the unfolded protein response (UPR) and
result in apoptosis of the host cell. (9-11) Stx that enters a host cell without
binding Gb3 does not enter the retrograde pathway and is degraded.
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protein synthesis, an event that leads to cell death (208). Note that the modes of action of
Stx1a and Stx2a are the same (69).

Although one Stx molecule may be sufficient to inhibit protein synthesis and
result in cell apoptosis (279), additional cellular pathways may be initiated after Stx
retrograde transport and release of the A; subunit into the cytoplasm, particularly at low
Stx concentrations (reviewed in (285; 286)). Removal of the adenine from the alpha-
sarcin Joop results in damage to the ribosomal structure. The damage initiates signaling
through the ribotoxic stress response (RSR) pathway. This signaling results in increased
cytokine expression, specifically the release of NFkB, activator protein-1 (AP-1), and
early growth response gene-1 (Erg-1). Circulating STEC LPS may also increase the
activation of the innate immune response. Ultimately, the RSR results in DNA
fragmentation, an event that triggers apoptosis (reviewed in (286)). Additionally, entry of
the unfolded A, subunit into the cytoplasm may initiate the unfolded protein response
(UPR). Signaling cascades activate the innate immune response and attenuate cellular
protein translation while also initiating transcription of proteins responsible for the ER
associated protein degradation pathway (ERAD). Extended signaling through ERAD due
to truncated proteins from ribosomal depuration can also activate apoptosis (reviewed in
(288)). However, the specific role of the UPR or ERAD pathway during an STEC
infection is unknown. Limited in vitro analyses suggest that activation of the pathways in

response to Stx differs across cell types (286).
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Endothelial injury and the Hemolytic Uremic Syndrome

Approximately 90% of E. coli O157:H7- infected individuals will develop HC,
and, of those, 10-20% will progress to HUS (Figure 4) (9; 40; 48; 106; 114; 171; 232;
280). HUS, the most severe consequence of STEC infection is characterized by a triad of
symptoms: thrombocytopenia, hemolytic anemia, and renal failure (280). Stx is
responsible for HUS as STEC are not invasive and rarely result in bacteremia.
Additionally, Stx has been identified at the site of damage in human renal biopsies from
infected individuals obtained from surgery or autopsy (48; 114; 129; 157; 232; 284; 297).
However, the factors that determine whether an individual will progress to HUS or
recover after HC are unknown. Children under five have the highest incidence of HUS,
and STEC-mediated HUS is the leading cause of pediatric acute renal failure. STEC
strains that express Stx2a only are associated with increased risk of HUS as compared to
strains that encode Stx1a only or Stx1la and Stx2a (32; 140; 197; 212; 255).

Stx intoxication of renal glomerular endothelial cells results in activation from a
normal, thromboresistant state to a thrombogenic state of vascular dysfunction (221;
321). Activated endothelial cells release pro-inflammatory cytokines and induce pro-
adhesive, pro-thrombic, and pro-inflammatory genes (321). The intoxicated endothelial
cells swell and detach from the basement membrane; this endothelial cell damage and
detachment causes edema and exposes subendothelial collagen. The exposed collagen
activates platelets that then accumulate at the site and cause thrombosis. Hemolytic
anemia follows as RBC are fragmented by shear force as they transit through the

occluded vessels. Renal failure results when healthy glomeruli can no longer compensate
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Figure 4. Progression of disease after STEC O157:H7 ingestion.
Infection begins with ingestion of the organism. Approximately three to five
days later diarrhea will begin, followed by hemorrhagic colitis three days later.
The infection will spontaneous resolve in the majority of individuals, however,
for unknown reasons, 10-20% will develop HUS. The disease is defined by a
triad of symptoms: thrombocytopenia, hemolytic anemia, and renal failure.
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for the intoxicated, nonfunctional glomeruli. Tubular damage may also play a role in
renal failure (48; 297) as indicated in murine models (see Chapter 2). Some studies
suggest that complement activation may induce HUS (123; 186; 269), however the role
of complement is controversial in STEC-provoked HUS [also called D+ for diarrhea
HUS] (149). Complement dysregulation is responsible, however, for atypical HUS due to
a rare genetic disorder that causes excessive activation of the complement pathway (224).

A retrospective review of HUS cases from 1950-2001 found that death or end-
stage renal disease occurred approximately 12% of the time, while 25% of patients
experienced long term consequences upon recovery (89). Chronic symptoms included:
hypertension, proteinuria, chronic kidney disease, and decreased glomerular filtration rate
(GFR). Cerebral endothelial involvement is a serious HUS sequela associated with an
increased risk of fatality (205; 293). Neurological symptoms include seizures, dysphasia,
cortical blindness, stroke, cerebral hemorrhage, or coma (293). Approximately 25% of
patients with HUS will develop neurological symptoms (92).

Currently, there are no approved therapeutics to prevent or treat HUS (detailed
below). Antibiotic treatment is contraindicated for STEC infection due to the potential
increase in Stx expression and associated increased risk of HUS (318). A low antibiotic
dose has the potential for increased Stx production due to induction of the lambdoid
phage into the lytic cycle and increased expression of the late stage phage genes and stx
(134). Conversely, a high antibiotic dose could result in a singular event of bacterial lysis
and the release of a large bolus of intracellular Stx (93). Retrospective and prospective

studies have found that antibiotics do not provide a benefit and may cause harm (242).
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However, one report from a large STEC outbreak in Japanese school children indicated a
potential benefit from treatment with fosfomycin, if delivered early in the clinical course
(112). One caveat is that fosfomyciﬁ was compared to other antibiotics and not untreated
controls. Anti-motility agents are not recommended due to an increased risk of
neurological involvement (57). Similarly, plasma therapy is not recommended due to its
association with chronic sequelae (237). Supportive therapy, such as fluid replacement
with intravenous (iv) isotonic saline solution supplemented with electrolytes, is the only
current treatment (6; 280). Fluid expansion counteracts vascular leakage and helps to

maintain kidney function.

Therapeutics

Since antibiotics are contraindicated when an STEC infection is suspected, the
development of novel therapeutics is needed to prevent HUS in at-risk individuals.
Multiple therapeutic approaches have been tried at the proof-of-principle stage (reviewed
in (178)); however, this section will focus on therapeutics that have advanced to human
clinical trials. The first clinical trial was with the receptor analog SYNSORB Pk, a
chemically synthesized oligosaccharide with a high receptor density that was designed
for increased Stx binding affinity compared to Gb3. This receptor mimic was created to
bind to Stx in the lumen of the intestinal tract and prevent the toxin from binding Gb3
locally or systemically (10). SYNSORB Pk was able to protect human renal
adenocarcinoma cells against both Stx1a and Stx2a (277), although it only efficiently
protected Vero cells from Stx1la (10). SYNSORB Pk was well tolerated in phase 1

clinical trials (11); nevertheless, it failed to prevent progression to severe sequela in
24



STEC-infected individuals in a double blind study (294). The lack of in vivo efficacy was
probably because the therapeutic was delivered relatively late in the course of disease,
and Stx had likely already been delivered systemically (294).

The most advanced therapeutic options in the prevention of HUS are humanized
monoclonal antibodies (MAbs). Several groups have developed MAbs that have
progressed through Phase I/II trials. O’Brien and colleagues developed 11E10, directed
against the A subunit of Stx2a (274), and 13C4, directed against the B subunit of Stx1a
(220). The antibodies neutralized the Stxs, prevented cytotoxicity of Vero cells (266;
267) and protected against lethality from Stx2a in mice (245). The MAbs were
chimerized (made partially human) and renamed caStx1 and caStx2. Both MAbs
demonstrated in vivo protection as caStx1 protected against Stx1a intoxication (STEC
that express Stx1a do not cause a lethal oral infection in mice), and caStx2 prevented
lethality from Stx2d- producer, B2F1, in a Str-treated mouse model (66). In both phase I
(31, 63) and phase II clinical trials, the chimerized MAbs were well tolerated. Takeda’s
group also developed anti-Stx1a and anti-Stx2 chimerized MAbs (193; 194). The
chimerized anti-Stx2 MAb, TMA-15, can neutralize Stx2a in cell culture and protect
mice from intoxication (135; 319). The MADb was renamed urtoxazumab for Phase I
clinical trials, where it was well tolerated; however, no efficacy data are available (146).
Lastly, fully humanized anti-Stx1a and anti-Stx2 MAbs were generated in a transgenic
mouse model and shown to neutralize Stx in vitro (189; 190). The anti-Stx2 antibody was
named 5C12 and was protective in a Str-treated mouse and piglet model of infection

(189; 190).
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Finally, efficacy of Eculizumab, an Ab developed for the treatment of atypical

HUS, was tested as a therapy against STEC-mediated HUS. The Ab is directed against
the C5 complement protein and prevents further activation of the complement cascade.
Treatment with this antibody is thus proposed to limit the pro-inflammatory immune
response. Eculizumab was tested in a small STEC outbreak of 5 pediatric patients (148).
The authors reported a positive clinical effect, even though two patients still progressed
to HUS. Eculizumab was also used during the 2011 O104:H4 outbreak in Germany.
There was no evidence of efficacy (180); however, it is difficult to assess the results due
to different clinical courses in those HUS patients and because it was often prescribed to

the sickest patients.

Stx1a versus Stx2a

The differential in vitro and in vivo phenotypes of Stx1a and Stx2a is the basis of
experimental investigation. The paradox is that Stx1a is more cytotoxic to Vero cells (the
gold standard for cytotoxicity), while Stx2a is more toxic in animal models and human
disease (discussed above). The risk for development of HUS precludes the use of human
volunteers to study the effects of Stx, so a model system is required. To date, no one
system or animal model fully recapitulates all aspects of disease; therefore, various in
vitro and in vivo approaches are used to study Stx, both independently and in the context

of an STEC infection (described below and outlined in Table 2).
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Table 2. Characterization of Stx1a and Stx2a subunits and holotoxins

Subunit Assay Result Conclusion Ref
analyses
. O A subunit not responsible for .
Rabbit reticulate lysate (RRL) A subunit p roiem inhibition: different toxicities; (105;
Stxla = Stx2a T 287)
B subunit implicated
R Bt sy SwlaB abuits o sttt
. . . Stxla B 50X > Stx2a
Circular dichrosim
Stx1a B subunit: maintains homopentamer Subunit studies mav not represent
Mass spectrometry Stx2a B subunit: decreased thermodynamic > may P (137)
e e . . holotoxin phenotypes
stability; dissociates into lesser oligomers
Holotoxin Assay Result Conclusion Ref
analyses
Holotoxin active site accessibility:
Stx2a, yes; Stxla, no Multiple structural differences
Crystal structure comparison Stxla vs Stx2a: between Stxla and Stx2a may (81)
Yy P different structural conformations be responsible for differential
Stx2a, A, peptide extends beyond B subunit toxicity
Receptor binding sites: Stx1a, 3; Stx2a, 2
. . . . S Decreased stability not
Holotoxin stability at physiological conditions: responsible for Stxla decreased (139)

Mass spectrometry

Stxla = Stx2a in vivo toxicity
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Gb3 binding affinity:

In vitro receptor affinity:

Gb3 binding ELISA Stxla> Stx2a Stxla > Stx2a (324)
Stx1a: Greater %, saturable; directional;
Translocation temp/energy dependent Stxla and Stx2a translocate via (5: 111)
(polarized monolayer) Stx2a: does not compete with Stx1a; decreased different pathways ’
inhibition from temp
Binding kinetics: _
ELISA Stx1a slower on/off than Stx2a c?itf)';“};eirtld lS ?ﬁ;;ﬁgﬁlt (76: 88)
Surface plasmon resonance Receptor density affects Stx1a > Stx2a binding re%e}rlences & ’
Binding site 2: highest affinity for both Stxs p
Relative . . .
. . Cell lines (abbreviation) Result Conclusion Ref
toxicity
Africian green monkey kidney Cytotoxicity: (287)
epithelial (Vero) Stxla 10X > Stx2a
. cr 1 Cytotoxicity: Stxla> Stx2a
Human proximal tubule epithelial Differential induction of ER stress response High membrane Gb3 (150)

cell (HK-2)

Stx1a B subunit to ER and lysosome
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Human renal glomerular
microvascular endothelial cells
(HRMEC)

&

Human umbilical vein
macrovascular endothelial
(HUVEC)

Human brain microvascular
endothelial cells (HBMECs)
&
Macrovascular endothelial cells
(EA.hy 962)

Human intestinal microvascular
endothelial cells (HIMEC)
&
Human saphenous vein
macrovascular endothelial cells
(HSVECQC)

Cytotoxicity:

HRMEC: Stx2a 1,000X > Stxla

HUVEC: Stxla > Stx2a
Stx binding sites
HRMEC: Stxla> Stx2a
HUVEC: Stx1a> Stx2a

Cytotoxicity:

HBMECs: Stx2a 1,000X > Stxla
EA.hy 962: Stxla 10X > Stx2a

Stx2a mostly apoptosis

Stx1a both necrosis and apoptosis

Binding, cytotoxicity: HIMEC>HSVEC
Gb3 expression: HIMEC > Vero

HIMEC:

Binding capacity: Stxla=Stx2a
Binding affinity: Stxla 50X > Stx2a
Cytotoxicity: Stx2a > Stxla

Stx2a: increased cytotoxicity
for microvascular cells
Stx1la: increased cytotoxicity
for macrovascular cells

Stx1a similar for both cell lines;
Stx2a varies
Stx2a: increased cytotoxicity
for microvascular cells
Stx1a: increased cytotoxicity
for macrovascular cells

Stx2a: increased cytotoxicity
despite decreased binding;
resembles in vivo toxicity on
microvascular cells

(165)

(20

(118)
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Mouse

. Model Result Conclusion Ref
studies
Stx1a: colonizes; not lethal bi;;}];tioxlizl:]y(;sztgja;Sgllta
DH5a transformed with stx; and Stx2a: colonizes; morbidity and mortality dose ality . P
. : Stx is responsible for renal (302)
stx; dependent on plasmid expression . . .
. . o . . lesions from intoxication and
Histology lesions similar to EHEC infection . .
infection
Stx1a LDsp: 400 ng
Stx2a LDsp: 1 ng Purified Stx responsible for
Ip intoxication ATN in kidneys after intoxication of both Stxs; lethality (287)
Stx2a lesions were more severe In vivo toxicity: Stx2a > Stxla
Anti-Stxs MAbs protect from intoxication
Stx1a has a shorter serum half-life Stxla is sequestered at non-
IV '®I- Stxla and '’I- Stx2a Lung: 10X more Stxla vs Stx2a fonetion lssi?e‘;, Sres Ssible for
Kidney: 3X more Stx2a vs Stxla decreaze P tgxici - (241)
Gb3 TLC ATN from Stxla and Stx2a intoxication Stx2a R4
Murine renal Gb3 slower than lung
Oral intoxication Stx2a LDso: 2.9 pg In vivo toxicity: Stx2a > Stxla (240)

Stx1a: no morbidity or mortality up to 157pug




Evaluation of Stxs in vitro

Studies with isolated Stx subunits from Stx1a and Stx2a have been conducted
by several groups of investigators in efforts to define the individual contribution of the
A and B polypeptides to differential toxicities of the two holotoxin types. For example,
the enzymatic activities of the Stx A subunits were measured in a cell-free rabbit
reticulate lysate assay. The A subunits from Stx1a and Stx2a were found to inhibit
protein synthesis equivalently (105; 287). This finding suggested that the B subunit
might be responsible for the Stx1a:Stx2a differential phenotype. Therefore, a number of
investigators assessed differences between the Stx1a and Stx2a B subunits (59; 137,
139). The conclusion of one such inquiry was that the Stx1a B subunit binds with
greater affinity to its receptor and is more thermodynamically stable than is the Stx2a B
subunit (59). However, subunit studies are dependent on the formation and
maintenance of the characteristic homopentamer. The Stxla B subunit is able to form a
stable pentamer in vitro, while the Stx2a B subunit often dissociates into smaller
oligomers (137). Since the Stx2a B subunit does not readily pentamerize, the in vitro
profile may not be representative of the holotoxin properties. Both Stx1a and Stx2a
holotoxins are equivalently stable under physiological conditions (139), observations
that support the necessity of comparing holotoxins rather than B subunits alone.

Multiple in vitro assays have been used to examine the differences in binding
(49; 76; 88; 133, 324), translocation (5; 110; 222), and cytotoxicity (20; 118; 150; 165;
287) of Stx1a and Stx2a holotoxins. As stated previously, Stx1a and Stx2a

preferentially bind Gb3 FA chains of different lengths; Stx1a prefers C22-24 while
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Stx2a prefers C16-18 (133). However, the source of Gb3 is also important to assess Stx
binding. An ELISA with porcine Gb3 indicates that Stx1a binds with a greater affinity
than does Stx2a (324), while Stx1a and Stx2a appear to have an equivalent affinity for
rat renal Gb3 as measured by ELISA (49). Additionally, the method of analysis affects
Stx-Gb3 affinity results, as data from thin-layer chromatography (TLC) assays suggest
that Stx1a binds renal Gb3 with greater affinity than does Stx2a (49). Stx1a and Stx2a
also bind synthetic Gb3 analog mixtures differentially. Stx1a exhibits slower on/off
binding kinetics than does Stx2a; additionally, Stx1a requires a more dense receptor
bed while Stx2a requires increased Gb3 diversity (76; 88).

The initial entry of Stx into the vascular system results from translocation across
intestinal epithelial cells. Stx1a and Stx2a both translocate across polarized epithelial
cells in vitro without disrupting the monolayer or inhibiting protein synthesis (5; 110;
222), however, significantly more Stx1a translocates the barrier than does Stx2a (110).
Additionally, Stx1a translocates in an energy-dependent, saturable manner (5) while
Stx2a is not able to inhibit the translocation of Stx1a and is not affected by temperature
(110). These results suggest that Stx1a and Stx2a translocate across the intestinal
epithelium through a different pathway.

Finally, the cytotoxicity profiles of Stx1a and Stx2a vary significantly
depending on the cell line. The differences are likely due to the vascular nature of the
cell line and heterologous Gb3 expressed on the cell surface. Differential interactions
with lipid rafts may also influence cytotoxicity of Stx1a compared to Stx2a on various

cell lines. One study found that although both Stxs bound lipid rafts, upon membrane
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fractionation, Stx1a was primarily associated with the lipid raft section while Stx2a was
not (278). Stx1la is more toxic than Stx2a on Vero cells, the cell line historically used to
differentiate in vitro cytotoxicity differences among Stx variants (287). Stxla is also
more cytotoxic on HK-2 cells, human proximal tubule epithelial cells (150). However,
Stx2a is significantly more cytotoxic than Stx1a towards human microvascular
endothelial cells, the primary cell type affected in human disease (20; 118; 165).

In an attempt to reconcile the contradictory in vitro activities of Stx1a and Stx2a
and study the effect of individual Stx subunits in the context of the holotoxin, several
groups have developed chimeric Stxs (105; 117; 168; 259; 310). In these studies, the A
subunit from one Stx was combined with the B subunit from the reverse Stx, either by
plasmid complementation or operon fusion. A number of reports suggest that the B
subunit is responsible for Stx activity. However, some groups could not purify active
chimerics (259; 310), or the chimerics failed to match the expected cytotoxicity values
of the native Stx with the corresponding B subunit (105; 117). The loss of activity is
presumably due to decreased stability of the chimeric holotoxin. The A; subunit is
critical to the stability of the native holotoxin (14); therefore, we created chimeric
toxins in which the A; subunit was from one native Stx, while the A, and B subunit
were from the opposite native Stx (Chapter 3). This design enabled us to create

chimeric Stxs with cytotoxic activity equivalent to the native Stxs for the first time.

Evaluation of Stxs in vivo

Multiple animal models, from mice to non-human primates, have been

developed to study STEC and/or Stx specifically, although no one animal recapitulates
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all aspects of disease (reviewed in (172; 185)). Initial animal studies often used rabbit
models, since rabbits develop diarrhea and some symptoms of human disease (84). A
greyhound model was developed to study glomerular lesions, as the dogs are naturally
susceptible to idiopathic cutaneous and renal glomerular vasculopathy (CRGV), an
HUS-like renal glomerular disease (75). A baboon model of HUS was developed and
the animals develop symptoms that approximate those of human disease (261; 272),
however, a non-human primate model is financially and logistically prohibitive for the
majority of animal studies. Mice, and less frequently rabbits, are the most widely used
models due to ease of care and low cost associated with housing. Limitations of murine
animal models are that mice do not develop diarrhea or HUS, and that Gb3 is only
expressed in the tubules, not in the glomerulus (85; 226) where the primary damége in
human kidney is postulated to occur based on autopsy results (157; 232).

One major focus of animal research is to determine the pathology attributable to
colonization and virulence factors associated with STEC infection compared to
pathology resultant from Stx alone. The first report of similar pathophysiology from
Stx intoxication as compared to STEC infection was by Pai et al. (214). These
investigators orally intoxicated infant New Zealand white rabbits with Stxla and
reported diarrhea, colonic lesions and lethality similar to rabbits infected with an
0157:H7 strain. To further define the direct role of Stx expressed in the gastrointestinal
tract, mice were infected with non-virulent E. coli DH5a strains transformed with
plasmids that contained stx; or stx; (302). Str-treated mice infected with the Str’ Stx1a-

producing strain were colonized but did not display any signs of morbidity or mortality.
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However, mice infected with the Str' Stx2a-producing clone succumbed to infection
due to acute tubular necrosis (ATN) in the kidneys, pathological findings similar to
those observed in animals infected with a mouse-virulent O157:H7 STEC strain (302).
Additionally, MAb against Stx2a but not Stx1a protected mice from lethal infection
with the E. coli O157 strain that made Stx1a and Stx2a (302). This latter study supports
the conclusion that Stx secreted in the intestinal tract, independent of additional
virulence factors, is responsible for the lethality of EHEC infection in a murine model.
The results of the investigation by Wadolkowski et al. (302) also support the
epidemiological observation that Stx2a is associated with kidney damage and mortality
rather than Stx1a when both are made by an O157:H7 strain.

Isogenic deletion mutant strains were also used to determine the contribution of
Stx in an STEC infection model. Since the deletion of Stx was the only difference
between the two strains, any reduction in pathology could be directly attributed to the
loss of the stx gene. Infant New Zealand white rabbits were initially used to study an
Stx2a-producing O157:H7 clinical isolate and its isogenic deletion mutants to
determine the importance of independent virulence factors (234). Stx2a did not
influence colonization; however, the toxin was primarily responsible for diarrhea.
Moreover, rabbits infected with the wild type O157:H7 had renal lesions, but no such
lesions were found in the kidneys of the rabbits infected with the mutant (Stx negative)
strain. These authors also orally intoxicated rabbits with purified Stx2a and observed
renal lesions similar to wild type infection. Later, a similar study was completed in

mice (236). Unlike the rabbit model, Stx promoted intestinal colonization in the murine
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model, as the stx; isogenic mutant did not colonize as well as the wild type strain;
additionally, the colonization defect could be complemented by a dual infection with an
Stx2a- positive strain (236). Finally, the addition of exogenous Stx2a during an
infection with Stx2a- positive STEC strain increased colonization levels compared to
the control (183). Cumulatively, these results demonstrated that Stx is responsible for
lethality resultant from EHEC infections and confirm that Stx2a is more toxic than
Stx1a in vivo. Nevertheless, the question of why there is a difference observed in vivo
between Stx1a and Stx2a or STEC strains that make these toxins remained unanswered.

In an attempt to further discern the factors responsible for Stx1la and Stx2a
differential lethality, Tesh et al. peritoneally injected purified Stx1a and Stx2a,
separately into mice. By this injection method, these investigators bypassed any
potential differences in efficacy of Stx1a and Stx2a entering the systemic circulation
from the gut (287). The results of this study confirmed the increased lethality of Stx2a
compared to Stx1a, as the LDsy was 400X lower for Stx2a even though Stx1a was more
cytotoxic on Vero cells. ATN was observed in the kidneys of mice intoxicated with
both toxins; however, the damage was more severe after Stx2a intoxication.
Additionally, monoclonal antibody (MADb) was protective against the Stx it was raised
against, but there was no heterologous protection (287). Protection with a toxin-specific
MAD further supported the conclusion that Stx is independently responsible for
lethality in a murine model. Since the enzymatic activities of the A subunits of Stxla
and Stx2a are equivalent, Tesh et al. concluded that the binding properties of the B

subunits of the two types of Stxs were likely responsible for differences in lethality
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(287). In a separate study, Rutjes et al. intoxicated mice iv with iodinated Stx1a and
Stx2a to track toxin dissemination (241). They observed differential tissue targeting of
Stx1a and Stx2a with 10X more Stx1a bound in the lungs and 3X more Stx2a bound in
the kidneys. These authors surmised that Stx1a bound its receptor, Gb3, with an
increased affinity, a phenomenon that effectively sequesters that toxin at nonfunctional
sites, while Stx2a accumulated in the kidneys (target organ). Additional intoxication
studies by other groups confirmed CNS involvement after Stx intoxication (205; 292).
Indeed, mice intoxicated ip with a lethal dose of Stx2a exhibited hind limb paralysis,
and Stx2a was found in the neurons of those mice (205). Furthermore, histological
evaluation of brain sections from intoxicated mice revealed that the neurons were
physically altered (205). In another investigation, mice developed damaged astrocytes
and neuronal edema after a sub-lethal dose of Stx2a given iv (292).

Although intoxication animal models clearly pinpoint Stx as the virulence factor
responsible for lethality in STEC infections, the models do not recapitulate all
symptoms of human disease, especially in relation to HUS. Analyses of sera from
patients with confirmed EHEC O157:H7 infections reveal the presence of anti 0157
LPS Ab (30; 50). Therefore, some groups have attempted to create HUS animal models
with the co-administration of Stx and LPS. The combination of Stx2a and LPS has been
reported to have a synergistic effect on intoxication in mice and rabbits in that the
pathology observed is greater than that seen in tissues of animals that received Stx or
LPS alone (17; 113; 131; 216). Animals injected with both LPS and Stx exhibit

neutrophilia, thrombocytopenia, red cell hemolysis, an increase in both creatinine and
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blood urea nitrogen (BUN), along with glomerular fibrin deposition and microthrombi.
However, these models are somewhat controversial. Increased weight loss was reported
in rabbits when Stx2a and LPS were given in combination, but there was no statistically
significant difference in that amount of weight loss compared to animals that received
Stx2a alone (17). Also, the only additional HUS symptoms observed in mice after
intoxication with Stx2a and LPS in combination that are not found after Stx2a only
intoxication are thrombocytopenia and fibrin deposition (113; 131; 216). Additionally,
the time of LPS delivery affected the outcome of the model; mice were actually
protected from the lethal effects of Stx2a if LPS was delivered prior to Stx2a
intoxication (17; 113; 131; 216). Since Stx is directly responsible for mortality in an
infection and intoxication model, the protective effect of LPS may signify that the
model is not representative of a natural infection. Other studies reported that there was
no synergy observed with addition of LPS in Stx2a intoxication model (276) or that
LPS was not required to induce HUS-like disease when repeated low doses of Stx were
injected as seen initially in baboons (283) and later in mice (245). Therefore, LPS may
(or may not) increase symptoms of disease after STEC infection of humans, but it is not
required for lethality in an STEC infection- or Stx intoxication- animal model.

An Stx oral intoxication model was developed after reports of preformed Stx in
food sources (103; 309) and the discovery that Stx can remain toxic in milk subjected
to current pasteurization processes (229). There are only a few reports in the literature
about oral intoxication of animals with Stx. These publications include the two Stx oral

intoxication studies conducted in infant rabbits (described above) (214; 234), and a
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study by Rasooly et al. in which they were the first to report oral intoxication of mice
with Stx2a (230). These investigators found that a low dose of 0.25 was not lethal,
while 50 pg was lethal. They also reported lesions in the kidneys similar to those
acquired from EHEC O157:H7 infection of mice. Recently, we expanded the Stx
intragastric (ig) intoxication model in mice (Chapter 2). We found that the Stx2a LDsq
was 2.9 pg, while up to 157 pg of Stx1a did not result in morbidity or mortality.
Additionally, pathological lesions and renal serum biochemical values were similar
after ip versus ig intoxication. Furthermore, we were able to protect and rescue mice
with MAb 11E10 that was raised against the Stx2a A subunit. We believe that the
demonstration that oral intoxication by Stx2 can lead to morbidity and even mortality in
mice may be an important observation for public health as ingested preformed Stx may

contribute to disease during an STEC outbreak.

Hypotheses

Stx is the primary virulence factor responsible for human disease after infection
with STEC. Prior reports have established that Stx is sufficient to induce pathology
after ip and iv intoxication. We propose that toxin can survive transit through the GI
tract, reach its systemic target of the kidneys, and result in a lethal event in mice.
Additionally, we theorize that the B-subunit is responsible for the difference in
cytotoxic activity of Stx1a and Stx2a in vitro and in vivo. Although reports by our
laboratory and others (105; 117; 259; 287; 310) have provided suggestive evidence that

B subunit variations between Stx1a and Stx2a are key to the differential toxicities of
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Stxla and Stx2a in vitro and in vivo, technical issues have heretofore prevented

acquisition of definitive data in support of this hypothesis.

Specific Aims

Specific Aim 1: Develop and characterize an oral intoxication model of Stxla and
Stx2a. For that purpose I propose to:
Sub Aim 1a: Establish the oral LDs; of Stx1a and Stx2a
Sub Aim 1b: Investigate the histopathology in tissues of mice after oral
intoxication
Sub Aim lc: Determine whether a MADb raised against Stx1a or Stx2a can protect

and/or rescue mice from intoxication

Specific Aim 2: Define the contribution of Stx subunits towards cytotoxicity and
mouse lethality through comparative analyses of native (Stxla and
Stx2a) and chimeric Stxs. For that purpose I propose to:
Sub Aim 2a: Determine the in vitro activity profile of Stx chimerics in relation to
the native toxins
Sub Aim 2b: Establish the ip and ig LDsgs of the chimeric Stxs as a platform to

determine the importance of subunits towards in vivo toxicity
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CHAPTER 2

Oral intoxication of mice with Shiga toxin type 2a (Stx2a) and
protection by anti-Stx2a monoclonal antibody 11E10
Russo LM, Melton-Celsa AR, Smith MA, Smith MJ, O'Brien AD.
Department of Microbiology and Immunology, Uniformed Services University of the
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ABSTRACT

Shiga toxin (Stx) producing E. coli (STEC) cause foodborne outbreaks of
hemorrhagic colitis, and less commonly, a serious, kidney-damaging sequela called the
hemolytic uremic syndrome (HUS). Stx, the primary virulence factor expressed by
STEC, is an ABs toxin with two antigenically distinct forms, Stx1a and Stx2a.
Although both toxins have similar biological activities, Stx2a is more frequently
produced by STEC that cause HUS than is Stx1a. Here we asked whether Stx1a and
Stx2a act differently when delivered orally by gavage. We found that Stx2a had a lethal
dose 50% (LDs) of 2.9 ug, but no morbidity occurred after oral intoxication with up to
157 pg of Stxla. We also compared several biochemical and histological parameters in
mice intoxicated orally versus intraperitoneally with Stx2a. We discovered that both
intoxication routes caused similar increases in serum creatinine and blood urea
nitrogen, indicative of kidney damage, as well as electrolyte imbalances and weight
loss in the animals. Furthermore, kidney sections from Stx2a-intoxicated mice revealed
multifocal, acute tubular necrosis (ATN). Of particular note, we detected Stx2a in
kidney sections from orally intoxicated mice in the same region as the epithelial cell
type in which ATN was detected. Lastly, we showed reduced renal damage, as
determined by renal biomarkers and histopathology, and full protection of orally
intoxicated mice with monoclonal antibody (MAb) 11E10 directed against the toxin A
subunit; conversely, an irrelevant MAb had no therapeutic effect. Orally intoxicated

mice could be rescued by MAb 11E10 6 hours but not 24 hours after Stx2a delivery.
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INTRODUCTION

Shiga toxin (Stx)-producing Escherichia coli (STEC) are foodborne pathogens with
an estimated infectious dose of less than 50 organisms (291). While multiple STEC
serotypes are associated with disease, illness associated with infection by E. coli
0157:H7 accounts for over 63,000 of the 113,000 total STEC cases each year in the
U.S. (247). Bovine and other ruminants are the natural carriers of STEC, and
contamination of meat generally occurs during beef processing, with up to 40% of the
outbreaks from beef (102; 215). However, contaminated fresh produce is also
responsible for both outbreaks and sporadic cases of STEC in the U.S. (215; 228).

Upon STEC infection, the most common disease manifestation is hemorrhagic
colitis. In 5-15% of patients, a serious sequela of STEC infection, the hemolytic uremic
syndrome (HUS), may occur (127; 171). The HUS is characterized by a triad of
symptoms: microangiopathic hemolytic anemia, thrombocytopenia and acute kidney
failure (124). Currently, there is no vaccine to prevent or therapeutic to cure STEC
infection, as antibiotics are contraindicated due to the potential up regulation of
bacteriophage production of Stx (317).

An STEC strain may encode for Stx1a (equivalent to Stx from Shigella dysenteriae
type 1) and/or Stx2a, two antigenically distinct but biologically similar toxins (200;
312). Stxla and Stx2a share about 57% amino acid homology, an analogous crystal
structure, and an identical mode of action (179). Stxla and Stx2a are ABS5 toxins. The
A subunit is responsible for the catalytic activity of the toxin molecule, and the B
subunit, a homopentamer, is required for the toxin to bind to Stx host cell receptor,

globotriaosylceramide (Gb3) (156; 158). Once bound to its receptor, Stx undergoes
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retrograde transport through the cell; the enzymatically active portion of the toxin is
then released into the cytoplasm where it depurinates a single adenine residue from the
28S rRNA of the 60S ribosome (69; 246). This ribosomal injury results in the inhibition
of protein synthesis and ultimately cell death (206). Although Stx1a and Stx2a have the
same receptor and mode of action, epidemiologic studies indicate that strains that
encode Stx2a are more likely to be associated with food-borne outbreaks and severe
disease, such as the HUS, than are those that make Stx1a only or Stx1a and Stx2a (32;
213; 255).

Although no one animal model recapitulates all aspects of STEC pathogenesis,
the capacity of the Stxs to cause disease has been demonstrated by either infection or
intoxication models in mice, rats, pigs, baboons, and greyhounds (see reviews (177,
187) ). For example, oral infection with certain strains of STEC in mouse models or
injection of mice with either Stx1a or Stx2a results in renal injury and death (Reviewed
in (185)). Monoclonal antibody (MADb) against the toxin is able to protect those animals
from disease and death (66; 267), findings that further establish a role for Stx in
pathogenesis. Only a few studies that examine oral intoxication by Stx in animals have
been reported. In two such investigations, purified Stx (specific toxin type(s) unknown,
(214)) and Stx2a (234), were found to be lethal after intragastric (i.g.) gavage of infant
New Zealand white rabbits. More recently, Rasooly et al. demonstrated that i.g.
administration of 50 pg, but not 0.5 pg, of Stx2a is lethal in Swiss Webster mice (230).
Here, we further defined the oral toxicity of the Stxs in mice. We found that although
Stx1a was not lethal via the oral route, Stx2a has an i.g. LDsg of 2.9 pg. We further

showed that the renal pathology caused by Stx2a by both the i.g. and i.p. route of
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intoxication was similar. Finally, we protected mice from oral Stx2a intoxication by

passive antibody transfer of MAb 11E10 against the Stx2a toxin A subunit.

(A portion of this work was presented at the 8th International Symposium on
Shiga Toxin [Verocytotoxin] Producing Escherichia coli Infections, Amsterdam, The

Netherlands, 6 to 9 May 2012 [(239)].)
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MATERIALS AND METHODS
Bacterial strains and growth conditions.

E. coli K12 DH5a strains transformed with pLPSH3 (288) or pJES120 (153)
encode Stx (equivalent to Stx1a, and called Stx1a from here on for simplicity) or Stx2a,
respectively. Both strains were grown in Luria Bertani (LB) broth or LB agar

supplemented with 100 pg/mL ampicillin for maintenance of the recombinant plasmid.

Purification of Stx1a and Stx2a.

Both toxins were purified by affinity chromatography with 5 mL. AminoLink

Coupling Resin (Thermo Scientific) columns.

Column preparation:

MAD to the B subunit of either Stx1a or Stx2a was covalently bound to the
column resin in pH 7.2 coupling buffer according to manufacturer’s instructions. MAb
13C4 (274) was purified from hybridoma supernatant by fast protein liquid
chromatography over a HiTrap Protein G HP 5 mL column (GE Life Sciences,
Pittsburgh, PA), desalted (HiTrap Desalting column, GE Life Sciences) into phosphate-
buffered saline (PBS), and used for purification of Stx1a (approximately 7 mg
MAb/column) while MAb BC5 BB12 (64) in ascites fluid, a gift from Dr. Nancy
Strockbine, was diluted into PBS and used for Stx2a purification (approximately 13 mg

MADb/column).

Cell lysate preparation:

An overnight culture of the E. coli K12 strain that contained the plasmid that
encoded the stx of interest was sedimented by centrifugation (5,000 x g) and the pellet
resuspended at 4 mL per g in sonication buffer (SOmM NaPO4, 200mM NaCl). The
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resuspended cell pellet was disrupted by sonication. The cell lysate was sedimented by

centrifugation (20,000 x g), and the supernatant was filtered prior to toxin purification.

Toxin purification:

Cell lysates were applied to the column in accordance with the manufacturer’s
instructions for sample application except as noted below. All column elutions were
recovered via gravity instead of centrifugation. The cell lysate flow-through was
reapplied to the column for additional toxin binding. The column contents were washed
consecutively with three column volumes each: sonication buffer, high salt buffer (0.5
M NaCl, 50 mM NaPO4) to further remove non-specific contaminants, and sonication
buffer to prevent protein denaturation resultant from the high salt concentration. Toxin
was eluted (0.1 M glycine, pH 2.8) in ImL fractions into 200 uL neutralization buffer
(1M Tris HCL pH 9.5). The fractions that contained toxin were dialyzed against PBS in
Slide-A-Lyzer dialysis cassettes (Thermo Scientific). Toxin activity was confirmed on
Vero cells as previously described (91). The endotoxin level was less than 0.025 EU
per ug Stx2a (data not shown) as determined by the Limulus amebocyte lysate
chromogenic endpoint assay (Hycult). When necessary, Millipore Amicon Ultra 30K,
15 mL concentrators were used in accordance with manufacturer’s instructions to
concentrate the toxin preparation. The protein concentration in the toxin preparations

was determined with a bicinchoninic acid (BCA) assay (Thermo Scientific).

Specific toxin concentration determination.

To normalize for differences in purity among the toxin preparations, we used
densitometry analyses of stained gels to determine the percent of toxin in each

preparation relative to the total protein in each sample as follows. Purified toxins were
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separated on NuPAGE Novex 4-12% Bis-Tris gel(s) (Invitrogen). The gel(s) were then
stained with Oriole fluorescent gel stain (BioRad) and scanned with ImageQuant LAS
4000 (GE Healthcare). The scanned image was analyzed with ImageQuant TL software
(GE Healthcare) to determine what contribution to the total protein was made by the
bands that comprised the A and B subunits of the toxins. The concentration of purified
toxin was then calculated by multiplying the percent of toxin in the preparation by the
total protein concentration measured in the BCA assay. The densitometry analyses of
the individual A and B subunit bands suggested that the proportion of A to B subunits
in each preparation was at or close to the expected ratio of 1:5 and that the purity of the

preparations ranged from 82 to 95 percent (data not shown).

Mice.

All animal studies were approved by the Institutional Animal Care and Use
Committee of the Uniformed Services University of the Health Sciences and were
conducted in strict accordance with the recommendations of the Guide for the Care and
Use of Laboratory Animals (296). Female BALB/c mice, 5-6 weeks old, were obtained
from Charles River Laboratories (Wilmington, MA) and used for all experiments. Food
and water were removed for 18 and 2 h, respectively, prior to all i.g. intoxication
studies. Mice were gavaged with 0.2 mL of toxin/PBS dilutions or PBS as control for
oral intoxication or injected with 0.1 mL Stx/PBS dilution for all i.p. intoxication
studies. Mice were weighed daily and monitored for morbidity and mortality for two
weeks post-intoxication. When the starting weights of mice were similar among groups,
we graphed the mean weights of animals in each group on that day. However, when

the initial mean weights of the mice in groups differed by more than 5% we plotted the
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percent weight change per day. Two way Analysis of Variance (ANOVA) was used to
determine a significant difference in weight change among intoxication groups. The
Stx2a i.g. intoxication LDso and 95% confidence interval (CI) values were determined

by probit regression analysis with log transformation of the values.

Serum biochemistry and histopathology.

Mice received Stx2a diluted in PBS or PBS alone as a control through i.p. or
i.g. administration. Three or four days post intoxication, mice were anesthetized with
isoflurane (VetEquip Incorporated, Pleasanton, CA), and blood was collected via
cardiac puncture. After the blood clotted, the serum was separated by centrifugation at
6,000 x g for 10 min, and sent to BioReliance (Rockville, MD). Serum samples were
analyzed by an automated clinical chemistry analyzer (Cobas 600 series) and reported
through a laboratory information management system (LIMS). For the initial studies, a
full serum panel was done. However, only the kidney-specific markers showed
differences from the expected normal range
(http://www.criver.com/files/pdfs/rms/balbc/rm_rm r balb-
c¢_mouse_clinical pathology data.aspx), so all subsequent serum analyses were limited
to the renal panel: blood urea nitrogen (BUN), creatinine, sodium (Na), potassium (K),
chloride (Cl), and albumin. One way ANOV A was used to determine statistical
significance between the experimental and control groups.

After blood collection, the mice were euthanized and necropsied. For some
studies, kidney, small intestine, cecum, large intestine, and/or liver were collected,
fixed in formalin, and sent to Histoserv (Germantown, MD) to be embedded in paraffin

and sectioned. Sections from all organs were stained with hematoxylin and eosin
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(H&E). The semi-quantitative severity modifier of a morphologic diagnosis, such as
mild, moderate, or severe, was used to describe lesions. Additionally, serial sections
from some of kidney samples analyzed with H&E were stained with periodic acid-
Schiff (PAS). PAS stains polysaccharides, including basement membranes and brush
boarders of certain epithelial cells. Therefore, proximal tubules, which have a thick
brush border, can be distinguished with the PAS stain from distal tubules that lack a
prominent brush border. Slides were read by a veterinary pathologist who was blinded

to the study group identifications.

Immunofluorescence.

Slides with unstained kidney or intestinal sections were deparaffinized by
incubation in Histoclear (National Diagnostics; Atlanta, Ga) twice for three min each
time. The tissue was then rehydrated in a graded ethanol (ETOH) series as follows:
three incubations for three min in 100% ETOH, followed by three min in 95% ETOH,
three min in 90% ETOH, and finally three min in 70% ETOH. The slides were rinsed in
deionized water and heated in 1X citrate pH 6 antigen retrieval buffer (Ag Plus Buffer,
Novagen) at 95°C for 10 minutes. The slides were then rinsed in deionized water and
blocked overnight at 4°C in 1% goat serum diluted in antibody (Ab) diluent reagent
solution (Invitrogen). Slides were incubated with primary Ab (polyclonal rabbit aStx2a
(144) diluted 1:500 in Ab diluent solution) for one h at room temperature. Slides were
washed 3X with PBS before the secondary Ab, goat anti-rabbit-Alexa-fluor 488
(Invitrogen) diluted 1:500 in Ab diluent, was applied for one h at room temperature.
Finally, slides were washed 3X with PBS and the coverslip was mounted with

Vectashield (Vector Laboratories, Inc, Burlingame, CA), which contained the counter
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stain, 4', 6-diamidino-2-phenylindole (DAPI). Slides were observed on an Olympus

BX60 microscope with a BX-FLA fluorescent attachment.

Passive Ab transfer.

MADb 11E10 (BEI Resources/Hycult), directed against the Stx2a A subunit (220;
267), was used for all passive Ab transfer studies. TFTB1 (BEI Resources), an
irrelevant Ab which recognizes the ricin B subunit (87), was included as an IgG2a
isotype control. Additionally, each experiment included a group that received Stx2a
only as a positive control for toxin activity. A dose of 7.5 pg Stx2a was used for all Ab
protection and rescue experiments because that amount of toxin is invariably lethal in
the oral intoxication model. Both MAbs and Stx2a were diluted in PBS for all

experiments.

Ab Protection:

For the preliminary study, mice received 2 pg of 11E10 or TFTf1 i.v. by tail
vein 24 h prior to i.g. intoxication with 7.5 pg Stx2a. In all subsequent experiments,

mice received 2, 4, or 40 pg of Ab i.v. one h before intoxication.

Statistical Analyses of Antibody Protection Data:

The percent weight change values were first transformed into log ratios (log
((Y/100)+1) where Y is percent change) to make the data more normally distributed
with more homogenous variance. Next, two-way repeated measures ANOVA with
Tukey’s post-hoc tests were used to determine statistical significance of weight loss
among Ab dose groups. Since repeated measures ANOVA is only an appropriate tool

for evaluation of complete data sets, analyses started on day 2. Although there was no
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significant group effect ( p = 0.06), there was a significant interaction effect (p =
0.0002), a finding that indicates that the difference among groups varies over time.
Tukey’s post hoc tests were used to determine statistical significance on individual

days.

Ab Rescue.

MADbs 11E10 or TFTB1 (4 ug) were delivered i.v. at 6, 24, 48, or 72 h after
Stx2a i.g. intoxication. An Ab protection group, which received 4 ug one h prior to

intoxication, was included as a positive Ab control.
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RESULTS

Stx2a but not Stx1a is lethal for mice after oral intoxication.

We determined the LDs, of Stx2a in mice by the oral intoxication route. Groups
of mice were gavaged with Stx2a at concentrations from 0.25 pg through 15 pg toxin.
Significant weight loss and death were observed at Stx2a concentrations of 2 pg or
greater (Figure SA & B). The LDs, for Stx2a after oral intoxication was calculated to be
2.9 pg (CI 1.4-5.0 pg), 1,000X greater than the Stx2a i.p. LDsg of approximately 2 ng
[(287) and confirmed with our toxin lot, not shown]. The mean time-to-death (MTD)
was 4.9 days. In contrast, no morbidity or mortality was observed after i.g. intoxication

of up to 157 pg Stx1a (data not shown).

Kidney damage and electrolyte imbalances occur in mice intoxicated i.p. or i.g.
with Stx2a.

After we determined the oral Stx2a LDso, we compared the serum biochemistry
values after i.p. or i.g. intoxication. Mice were challenged with 6X the i.p. or i.g. Stx2a
LDso(13.2 ng or 17 pg, respectively) or PBS as a control. Serum biochemistry markers
from all groups were evaluated three days post intoxication. The serum biochemistry
markers from the i.p. and i.g. PBS control groups were within the normal range and
statistically indistinguishable (only i.g. shown, Table 3, row 1). Independent of the
route of intoxication, and with the exception of albumin, the serum biochemical values
related to kidney function from Stx2a-intoxicated mice were significantly different than
those from the PBS control group values (Table 3). Specifically, the BUN and
creatinine levels rose significantly after intoxication, and there was an imbalance of the

electrolytes Na, Cl, and K.
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Figure 5. Morbidity and mortality after i.g. intoxication by Stx2a in mice.
(A) Mean weight of mice over the course of the experiment for each Stx2a
concentration tested in the oral intoxication model. Sample size (n) =5 for
all doses except 1 and 10 ng, where n=3. Error bars indicate standard error
of the mean. There was a significant dose-over-time interaction, such that
mice that received 2 pug or more Stx2a experienced significant weight loss
compared to animals that received 0.25 or 1 pg toxin (p<0.05). The weight
gain in the no toxin group (PBS only) was statistically similar to the 0.25 pg
Stx2a group, p<0.05, so, for simplicity, only the 0.25 weight data were
plotted. (B) Mouse survival percentage over time at each Stx2a
concentration. The PBS-only control group had 100% survival, not shown.
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Table 3. Mean renal panel serum biochemistry values

Level (range)f

Agent, Time of blood BUN Cre Na K Cl Albumin
route n Dose collection” (mg/dl) (mg/dl) (mmol/L) (mmol/L) (mmol/L) _(g/d
PBS i.gb 8 0.2 ml D3 pi 33.9 (25-40) 0.24 (0.2-0.28) 135.5(132-137) 19.9 (13.7-24.5) 105.3 (102-108) 33(3.2-3.9)
Stx2a i.p.° 4-9 132 ng D3 pi 193.9 (81-246) 0.95 (0.67-1.2) 119.5 (99-128) 30.2 (23.2-45) 84.8 (67.3-91.1) 4.1(3.942)
Stxa2 i.g.° 8-9 17 pg D3 pi 116.6 (82-245) 0.61 (0.44-1.1) 105.9 (76-121) 37.3 (25.6-67.3) 77.2 (68.9-88.8) 3.7(1.9-4.3)
Stx2a i.g. 2 2 ug mtl::lf 114.5 0.50 119.0 373 87.1 3.7
Stx2a i.g. 4 2pug rec+01\2ry 35.8 (34-38) 0.20 (0.14-0.24) 135.8 (134-139) 25.3(23.3-27.2) 106.6 (106-109) 3.3(3.2-34)
Stx2a i.g. 2 7.5 g D4 pi 275 1.62 NV NV NV NV
+TFTBlT 5 7.5 g D4 pi 213.2°(150-269)  1.23°(.99-1.41) NV NV NV NV
H1ElS 4 7.5 ug D4 pi 30.5 (25-40) 0.24°(0.2-0.28) NV NV NV NV

*Blood collection times were dictated by parameters for each study.
® Serum biochemistry values from i.p. and i.g. PBS control mice were not statistically different (p < 0.05)
“The serum chemistry values were significantly different (p < 0.01) from PBS control except the K in the Stx2a i.p. group and the albumin values

in both groups.
4Four pg of Ab

°P <0.0001, TFTBI versus 11E10
NV, no value returned



Renal tubular damage is seen in kidney sections of mice orally intoxicated with
Stx2a.

We next examined intestinal, liver, and renal tissues for damage after Stx2a i.g.
intoxication. Four days post i.g. intoxication with 7.5 pg Stx2a (~2.5X LDsg) mice were
euthanized and the intestinal tracts and kidneys removed. For comparison, we also
collected the kidneys from mice intoxicated i.p. with 13.2 ng or i.g. with 17 pg Stx2a
(6X LDsg) on day three (the intestinal tract does not exhibit damage after i.p.
intoxication, (287)). The earlier time point (day 3 as opposed to day 4) of kidney
collection was necessitated by the earlier MTD and the increased Stx2a i.g. dose for
i.p.-intoxicated mice. No lesions were noted in the small intestine, cecum, or large
intestine of mice orally intoxicated with Stx2a (Figure S1 A-C). We next reviewed
kidney sections stained with H & E from mice given PBS or Stx2a i.g. No lesions were
observed in renal sections from PBS control mice (Figure 6A). In contrast, we found
diffuse tubular dilation and basophilia in the renal cortex of mice intoxicated i.g. with
7.5 pg Stx2a (Figure 6B) or 6X LDsps of Stx2a regardless of route of toxin
administration (not shown). We then used the PAS stain to examine kidney sections. As
expected, no renal lesions were detected in the kidneys of either i.p. (not shown) or i.g.
PBS control mice (Figure 6C). However, we observed minimal to moderate, multifocal
acute tubular necrosis (ATN) of distal tubules characterized by tubules lined with
degenerating, necrotic, or sloughed epithelial cells, independent of dose or route of

intoxication (2.5X LDs, dose shown Figure 6D).
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Stx2a is present in the kidneys of intoxicated mice.

We next asked if we could detect Stx2a in the kidneys of mice after parenteral
(i.p.) or oral intoxication. Only a minimal green fluorescent background was observed
in kidney sections from mice given PBS i.p. (Figure 7A) or orally (not shown).
However, we were able to confirm the findings of Rutjes et al. that Stx2a can be found
in kidney sections after parenteral (in our case i.p. in their studies i.v.) intoxication
(241) (Figure 7B). Moreover, we also detected Stx2a in kidney sections from i.g.
intoxicated mice (17 pg) (Figure 7C). The Stx2a-positive cells appeared to be tubule
epithelial cells for both i.p.- and i.g.-intoxicated mice as the Stx2a staining-pattern in
the tubules coincided with the histopathological location of renal damage in the

intoxicated mice (Figure 6D).

Morbidity in Stx2a-intoxicated mice correlates with kidney function.

Because we observed significant weight loss followed by rapid weight gain in
the majority of mice intoxicated i.g. with 2 pg of Stx2a, we speculated that mice given
2 pg of'Stx2a i.g. might exhibit kidney damage even though they typically recovered
from that toxin dose (Figure SA & B). In a subsequent study, we found that mice
intoxicated with 2 pug of Stx2a, a sub-L.Ds( dose, and sacrificed when weight loss began
to plateau (day 8 or 9 in this experiment) exhibited similar serum biochemistry profiles
and kidney histopathology to mice intoxicated with 6X LDso (Table 3 Row 4, Figure
6E) Stx2a was also detected by immunofluorescence in the kidneys of those same mice
(not shown). In mice given 2 pg of Stx2a and allowed to recover one day after the
weight loss plateau, serum biochemistry values returned to control levels and kidney

histology improved (the ATN was less severe and tubules contained regenerating
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epithelial cells) (Table 3 Row 5, Figure 6F). Three days after the rebound in weight, no

kidney lesions were noted (data not shown).
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Anti-Stx2a MAD fully protects mice when given before intoxication.

We next tested whether i.g.-intoxicated mice could be protected from morbidity
and/or mortality with a MAb to Stx2a. In a pilot study, mice received 2 pug of 11E10
(anti-Stx2a) or TFTBI1 (isotype-matched control) i.v. 24 h prior to i.g. intoxication with
7.5 ng Stx2a. A positive control group received only Stx2a i.g. (In this study and all
subsequent experiments, MAbs and Stx2a were diluted in PBS.) In this preliminary
study, complete mortality was observed in the Stx2a only and Stx2a plus TFTB1groups
while MAb 11E10 prevented mortality though not morbidity (Figure 8 A, Row 1;
Figure 8B). Protected mice experienced weight loss that peaked on day seven post-
intoxication of 1.9 g or 11% compared to their starting weight before they recovered
and exhibited positive weight gain by day 14 (data not shown). For our next study, in
the hopes of limiting morbidity in the toxin-treated mice, we altered the time of
administration of the 1 1E10 from -24 h to -1 h so that higher levels of MAb would be
present during the intoxication window. We found that although the mice were
protected from lethality as expected, they still experienced weight loss before recovery
(Figure 8A, Row2; Figure 8B). Therefore, in an attempt to reduce morbidity in the
subsequent protection experiment, the amount of MAb administered was doubled. Mice
that received 4 pg 11E10 were completely protected (Figure 8A, Row 3), and in
addition, their weight loss was reduced, although not to a statistically significant level
(p= 0.055) (Figure 8B). In a final attempt to further reduce or prevent Stx2a-mediated
morbidity, 10-fold more 11E10 was administered in the next study. Although the

11E10 again protected (Figure 8 A, Row 4), the level of weight loss in the intoxicated,
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Ab dose, Ab Rx, Treatment
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Figure 8. MAD 11E10 prevented mortality and limited morbidity due to Stx2a i.g.

intoxication.

(A) Mortality results from four independent Ab studies. Two, four, or 40 pg
11E10 protected mice from Stx2a i.g. intoxication while TFTBI1, the
irrelevant MADb, had no therapeutic effect. ND, not done. (B) Percent weight
change from day 0 to day 14 of antibody treated, Stx2a-intoxicated or PBS
control groups. Each group received Ab one h prior to intoxication. The PBS
control group experienced positive weight gain over the course of the
experiment, with no effect from of 40 pg 11E10. Error bars indicate standard
deviation. There was a significant interaction effect (p = 0.0002) which
indicates that the percent weight change varies over time between Ab
treatment groups. The difference in percent weight change was significant
between the groups given 2 or 4 pg 11E10 on days 3, 7, and 9 and between
the 2 pg and 40 pug groups on days 5-8. There was no difference between the
4 and 40 pg groups.

63



treated animals was similar to that from the previous protection experiment in which
mice received 4 pg MAD, i.e., there was no statistical difference in weight loss in mice
treated with 4 or 40 ug MAb (p <0.064) (Figure 8B).

We next compared mouse weight change after administration of 4ug MAb in
the i.p. and i.g. intoxication models to evaluate if MAb protection from morbidity
might be greater in the i.p. than the i.g. model. As was done previously, an Stx2a-only
group served as a positive control for mortality, and MAb TFTB1 was included as an
isotype-matched control for 11E10. One h after injection of treatment groups with 4 ug
MAD, mice received 2.5X the i.p. or i.g. LDsg, 5.7 ng or 7.5 ug respectively. All mice
in the Stx2a-only positive control groups succumbed to intoxication, but the MTD was
longer in i.g.-intoxicated animals (5 days) compared to that of mice given toxin i.p. (3.4
days). As expected, TFTB1 did not alter morbidity or survival in either the i.p. or 1.g.
intoxicated groups (data not shown). In contrast, all mice given11E10 survived and had
positive weight gain by day14 post-intoxication. However, weight loss began earlier in
the 11E10-treated animals intoxicated i.p., and those mice lost significantly more

weight prior to recovery than MAb-treated mice given toxin i.g. (p<0.05) (Figure 9).

Level of renal serum markers and degree of histopathology in kidneys of Stx2a-
intoxicated and Mab-protected mice are related.

We analyzed sera from i.g.-intoxicated mice treated with nothing or MAbs
TFTBI1 or 11E10 (MAbs given one h prior to intoxication) to determine if there were
alterations in the values for the renal damage markers BUN and creatinine. Compared

to animals given 11E10 then i.g. Stx2a, mice intoxicated with Stx2a only or
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Figure 9. Average weight over time in Stx2a-intoxicated mice given 11E10 or no
treatment one hour before toxin administration.
Mice were intoxicated with 2.5X the Stx2a i.p. (circles) or i.g. (squares) LDsy
and received 11E10 (open symbols) or no treatmens (closed symbols).
Although MADb 11E10 was protective in both intoxication models, i.p.-
intoxicated mice exhibited significantly more morbidity than i.g.-intoxicated
mice (p <0.05). Additionally there was a significant difference in weight
between the Stx2a i.p. and i.g. 11E10 protected groups on days 5, 6, 8, and
11.
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administered TFTB1 and then intoxicated with Stx2a exhibited a significant increase in
BUN and creatinine levels (p <0.0001) (Table 3, Rows 6-8). However, the renal
biochemistries from mice protected with 11E10 were indistinguishable to those of the
PBS controls from previous experiments (p > 0.05) (Table 3, Row 1).

Finally, the effect of MADb treatment on kidney histopathology was evaluated.
Moderate ATN was detected as expected in kidneys from the Stx2a-only control group
(similar to the pathology previously described in Figure 6D) and from mice treated with
TFTB1 (Figure 10A). The pathologist did not note any difference in kidney lesions
between Stx2a only and TFTB1-treated, Stx2a-intoxicated mice. ATN was also
observed in mice given 11E10 and then i.g. Stx2a, although the lesions were minimal
rather than moderate, and there was increased evidence of regeneration of distal tubules

(Figure 10B).

MAD can rescue Stx2a-intoxicated mice.

We tested the capacity of 11E10 to rescue mice after oral intoxication with
Stx2a. MAbs 11E10 or TFTB1 were administered i.v. at 6, 24, 48, or 72 h post i.g.
intoxication with approximately 2.5X LDs (7.5 ug) Stx2a. None of the mice treated
with TFTBI1 or in the Stx2a-only group survived toxin challenge. Additionally, all
TFTBI1-treated and Stx2a-only groups had a similar MTD, a finding that indicates that
the addition of fluids alone had no therapeutic effect (since the TFTB1 was given in
PBS) (data not shown). Mice that received 11E10 one h prior (a control) or six h after
intoxication were completely protected from Stx2a. In contrast, only one mouse was

rescued when 11E10 was given at 24 h post intoxication, and no mice were rescued if
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the MAb was administered at 48 or 72 h after toxin (Table 4). Both the -1 hand +6 h
treatment groups also exhibited similar patterns of weight loss throughout the

experiment and both groups displayed positive weight gain by day 14 (data not shown).
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Figure 10. PAS-stained kidney sections from MAb protection/Stx2a i.g.
intoxication study.
(A) Moderate ATN (#) of distal tubules was observed in kidneys of mice in
Stx2a +TFTB1 groups. (B) Minimal ATN (e) and increased regeneration of
distal tubules were seen in Stx2a + 11E10-treated mice.
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Table 4. Rescue by 11E10 of Stx2a i.g.-intoxicated mice

11E10 treatment relative

toi.g. Stx2a, h Dead/total MTD (days)
-1 0/8
+6 0/10
+24 9/10 44
+48 10/10 4.4
+72 8/8 4.3
Stx2a only 8/8 4.4

69



DISCUSSION

That Stx [specific toxin type(s) unknown] alone can recapitulate some of the
symptoms of STEC disease was first reported by Pai et al. (214). These investigators
found that infant New Zealand white rabbits orally intoxicated with Stx develop
diarrhea and succumb to intoxication in an analogous manner to rabbits challenged with
E. coli O157:H7 (214). Similarly, Ritchie et al. showed that rabbits orally intoxicated
with Stx2a develop inflammation comparable to rabbits infected with an Stx2a-
producing STEC strain (234). Additionally, Rasooly et al. recently reported that oral
intoxication of mice with high doses of Stx2a was lethal (229). We extended such
observations with the determination that the LDsq for Stx2a in BALB/c mice by the oral
route is 2.9 pg and that both i.p. and i.g. Stx2a intoxication routes lead to similar
systemic pathologies in those animals. Additionally, our data illustrated that similar
renal damage occurred even in mice intoxicated with a sub-LDsy Stx2a dose and that
survival in those animals correlated with a return to normal serum chemistry values and
tubule regeneration. Finally, we demonstrated protection and rescue of mice from Stx2a
oral intoxication through passive transfer of MAb 11E10.

In contrast to the oral lethality of Stx2a, we found that Stx1a was not lethal by
the intragastric route. We speculate that if, similar to Stx2a, the i.g. LDs, for Stx1a is
1,000X greater than the i.p. LDsy (as it was for Stx2a), more than 500 pg Stx1a per
mouse would be necessary to observe lethality. However, it is not practical to purify
such large quantities of toxin to test the hypothesis that Stx1a is potentially lethal by the
oral route. Our finding that Stx1a is not lethal by the oral route as far as we can test
may not be surprising since STEC strains that only produce Stx1a are not lethal in
mouse models of oral infection (302).
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We did not observe lesions in any section of the intestinal tract from Stx2ai.g.-
intoxicated mice, a finding that suggests the toxin reached systemic circulation without
injury to the intestinal epithelial cell lining. We also examined the liver for damage
because we thought that organ had the potential to absorb a large concentration of
Stx2a as the toxin traveled through the hepatic portal system. However, we did not
observe lesions in the livers of orally intoxicated mice nor did we detect alterations in
the hepatic serum biochemistry values (data not shown). Therefore, we concluded that
the liver is not a target site for Stx2a in mice, a contention supported by the observation
that Gb3 concentrations are low in that organ (85).

We found that once sufficient Stx2a entered systemic circulation, independent
of the route of intoxication (i.p. or i.g.), similar elevations in renal serum biochemistry
values occurred. The elevated BUN and creatinine values suggest acute renal failure
which is characterized by reduced glomerular filtration rate (GFR). Although the
pathophysiologic mechanism of GFR is not fully understood, it likely involves
reduction in blood flow to or within the kidney. The apparently reduced GFR is not
related to problems with the glomerulus in these mice. In addition, the significant
reduction in sodium and chloride levels due to Stx2a exposure indicate renal tubular
malfunction (163; 280). We do not believe the changes in serum biochemistry values
after Stx2a-intoxication are a result of hemoconcentration due to dehydration because
the experimental serum albumin levels were equivalent to albumin levels from control
mice.

Our immunofluorescence data suggest that once Stx2a reached the kidneys, it

targeted tubular epithelial cells because the toxin staining was in the cells adjacent to
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the renal tubule lumen. The toxin molecule likely killed those cells, events that would
lead to ATN. ATN causes loss of renal function, which, in turn, can result in mortality.
ATN is the same pathology that occurs in STEC mouse infection models. Overall these
results demonstrate that oral intoxication with Stx2a alone recapitulates disease noted
after infection of mice with STEC in various models (185).

The specificity of the PAS stain revealed approximately equivalent proportions
of distal and proximal tubules in both control and experimental mice (data not shown).
The PAS stain further indicated that the Stx2a-mediated lesions were in distal rather
than proximal tubules [as we had previously believed (287)], because of the absence of
a brush border in the affected tubules. The hypothesis that distal rather than proximal
tubules are more affected by Stx2a is supported by a study that showed that distal
tubules have higher concentration of Gb3 receptors on the cell surface than do proximal
tubules (130).

We were surprised to find that the renal pathology and serum biochemistry
values due to a sub-LDs oral Stx2a dose were similar to those found after i.g. delivery
of 6X LDs of toxin if the mice were necropsied when weight loss reached its nadir. In
contrast, once the sub-LDsy-intoxicated animals began to gain weight, they had serum
biochemistry values similar to control mice and exhibited less severe kidney
histopathology. We believe that although the types of histopathology observed in the
sub-LDsg and 6X LDso Stx2a groups were similar when assessed at the point of lowest
weight for the sub-LDs, group, the magnitude of damage was greater in the higher-dose
group. We further speculate that those mice that received a sub-LDs dose survived if

they were able to regenerate tubular epithelial cells (observed in Fig. 6F) and restore a
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minimum threshold of kidney function. This study also demonstrated the importance of
timing when collecting samples after intoxication; we note that damage can occur yet
go undetected because of subsequent repair if samples are taken too long after toxin
insult.

We protected all mice from 2.5X LDsgs of Stx2a with a single passive transfer
of 4 ug 11E10. Although there was a reduction in weight loss at the 4 ug compared to
the 2 ug11E10 dose, a 10-fold increase to 40 ug of the MADb did not result in a further
decrease in morbidity. Thus, there appears to be a threshold for levels of antibody that
can decrease morbidity in intoxicated animals. We also found that mice treated with
11E10 then given Stx2a had normal kidney function 4 d post-intoxication as indicated
by serum BUN and creatinine levels. Although minimal renal ATN was observed in the
MAb-treated Stx2a-intoxicated mice, there were increased instances of tubule
regeneration compared to animals that received Stx2a only. Our study suggests that
11E10 pre-treatment reduced kidney damage in Stx2a-intoxicated mice. Finally, since
we observed no protective effect by irrelevant MAb TFTBI1, an IgG2a isotype control,
we conclude that fluid alone was not protective.

We also observed that in mice treated with 11E10, greater morbidity occurred
after i.p. than i.g. Stx2a intoxication. L.p.-intoxicated animals exhibited a shorter time-
to-death of approximately one and a half days compared to mice given toxin i.g. The
reduced MTD in i.p.-intoxicated mice suggests that Stx2a reached the target site of the
kidneys earlier when delivered to the peritoneum as compared to from the

gastrointestinal tract. Although ATN was probably present at increased levels in i.p.- as
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compared to i.g.-intoxicated mice, kidney function was not lost and the mice were able
to recover.

We demonstrated rescue of mice with 4 ng of 11E10 at six but not 24 h post
oral intoxication with Stx2a. A recent study in which mice were orally intoxicated with
Botulinum neurotoxin serotype A (BotA) then treated by passive Ab transfer
demonstrated that differences of just one to two h in antibody administration time
points resulted in the loss of the capacity to rescue intoxicated animals (51). We
speculate, therefore, that similar to BotA, once Stx2a is sequestered in target tissues
(the kidneys), passive Ab transfer is not able to rescue intoxicated animals. However,
the rescue timeframe could probably be increased if a larger MAb dose was provided,
or if additional doses were delivered. In support of the latter hypothesis, another group
was able to rescue baboons 24 h after intravenous intoxication with Stx2a by providing
the therapeutic TVP, an acetylated tetravalent peptide, daily until day four (271). We
believe that passive Ab transfer is a viable therapeutic option for STEC infections.
Furthermore, for someone infected with STEC, the rescue timeframe would likely be
extended as compared to the oral intoxication model as Stx would be delivered at a
continual low dose rather than in a single large bolus. Previous research in our lab
demonstrated that low levels of active Stx2a could be found in the feces of mice with
an intact commensal flora up to 72 h post-infection with an Stx2a-producing O157:H7
strain (184).

Finally, we found that an oral Stx2a dose of 2 pug (~0.1 mg/kg) was sufficient to
cause weight loss and renal injury but not death in mice. If mice and humans are

equivalently susceptible to Stx, then we calculate that 1.8 mg Stx2a would be sufficient

74



to cause some disease in an 18 kg child. However, we believe humans are more
susceptible to Stx than are mice because, unlike mice, people have Gb3 in the glomeruli
in addition to the tubules (36; 232; 287). Therefore, we believe that the oral toxicity of
Stx2a is potentially relevant as a public health issue. There is a possibility that
preformed Stx could occur in contaminated food which might contribute to morbidity
(103; 229; 309) and possibly enhance colonization by the organism as Stx2 has been
shown to increase adherence of O157:H7 to tissue culture cells and in animal models

(183; 236).
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ABSTRACT

Shiga toxin (Stx)-producing E. coli (STEC) cause food-borne outbreaks of
hemorrhagic colitis. The main virulence factor expressed by STEC, Stx, is an ABs toxin
that has two antigenically distinct forms, Stx1a and Stx2a. Although Stx1a and Stx2a
bind to the same receptor, globotriaosylceramide (Gb3), Stx2a is more potent than
Stx1a in mice, whereas Stx1a is more cytotoxic than Stx2a in cell culture. In this study,
we used chimeric toxins to ask what the relative contribution of individual Stx subunits
is to the differential toxicity of Stx1a and Stx2a in vifro and in vivo. Chimeric stx/stx;
operons were generated by PCR such that the coding regions for the A; and B subunits
of one toxin were combined with the coding region for the A; subunit of the
heterologous toxin. The toxicities of purified Stx1a, Stx2a, and the chimeric Stxs were
determined on Vero and HCT-8 cell lines, while polarized HCT-8 cell monolayers
grown on permeable supports were used to follow toxin translocation. In all in vitro
assays, the activity of the chimeric toxin correlated with that of the parental toxin from
which the B subunit originated. The origin of the native B subunit also dictated the 50%
lethal dose of toxin after intraperitoneal intoxication of mice; however, the chimeric
Stxs exhibited reduced oral toxicity and pH stability compared to Stx1la and Stx2a.
Taken together, these data support the hypothesis that the differential toxicity of the

chimeric toxins for cells and mice is determined by the origin of the B subunit.
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INTRODUCTION

Shiga toxin (Stx)-producing E. coli (STEC) are Gram-negative, enteric
pathogens with an estimated infectious dose of less than 50 organisms (291). Among
the multiple serotypes associated with disease, O157:H7 is responsible for more than
63,000 of the 175,000 total estimated STEC cases each year (247). Ruminants,
especially cattle, are the natural carriers of STEC, and these bacteria most commonly
enter the food chain during beef processing (2; 12; 95; 228). Outbreaks and sporadic
cases of STEC infection have also been attributed to contaminated fresh produce,
person-to-person spread, and environmental sources (3; 228). Upon E. coli O157:H7
STEC infection of humans, the most common disease manifestation is hemorrhagic
colitis. A more severe sequela, the hemolytic uremic syndrome (HUS), characterized by
microangiopathic hemolytic anemia, thrombocytopenia and acute kidney failure, occurs
in 5-15% of E. coli O157:H7-infected individuals (35; 127; 128; 171).

Stx is the primary virulence factor associated with disease caused by STEC.
This group of organisms may encode for Stx1a and/or Stx2a, two biologically similar,
though antigenically distinct toxins with analogous crystal structures and identical
modes of action [reviewed in (175)]. The Stxs are ABs toxins; the A subunit, which has
a protease sensitive site near the C-terminus, is cleaved into two parts. The A; subunit
is responsible for the catalytic activity of the toxin molecule, and the A, peptide, which
threads through the center of the B pentamer, links the binding moiety to the catalytic
subunit (80; 81). The homopentameric B subunit binds to the host cell receptor,
globotriaosylceramide (Gb3) (160), a glycolipid that that is primarily expressed on
endothelial cells. After Stx binds Gb3, the toxin undergoes retrograde transport through
the Golgi network to the endoplasmic reticulum (244). The A, subunit is released into
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the cytoplasm from the endoplasmic reticulum and depurinates a single adenine residue
from the 28S RNA of the 60S ribosome, an injury that halts protein synthesis and leads
to cell death (209; 246).

Although Stx1a and Stx2a are biologically similar, Stx2a is associated with an
increased number of outbreaks and more severe disease (32; 116; 140; 197, 212; 213).
These latter observations correlate with reports that Stx2a has a parenteral 50% lethal
dose (LDsp) for mice that is 100-fold lower than that of Stx1a (104; 287). Conversely,
Stx1a has a 50% cytotoxic dose (CDsg) for Vero cells that is 10X lower than that of
Stx2a (287). Multiple methods and approaches have been used to study the paradox of
the differential in vitro (on Vero cells) and in vivo (in mice) toxicities of Stx1a and
Stx2a. There is no difference in the enzymatic activity between Stxla and Stx2a in a
cell-free rabbit reticulocyte lysate assay of protein synthesis inhibition (105; 287);
therefore, the A subunit is not responsible for the differential toxicity of Stx1a and
Stx2a, at least at the level of the ribosome. Multiple studies propose that the biological
differences between Stx1a and Stx2a are specific to the B-subunit. For example, Stx1a
binds Gb3 in vitro with a greater affinity than does Stx2a (104; 158; 287, 324), a
finding that may explain the greater toxicity of Stx1a on Vero cells. In contrast, in vivo,
a higher binding affinity for the receptor may reduce overall toxicity if secondary
targets (non-lethal) are bound. Indeed, after intravenous (iv) injection into mice,
radiolabelled Stx1a demonstrates increased binding to murine pulmonary and splenic
tissues but decreased kidney binding (kidney damage is responsible for the lethality of

the Stxs to mice), and a shorter serum half-life, compared to Stx2a (241).

80



Chimeric Stxs have been used to study the contribution of the individual A and
B subunits to toxin function. Ito ef al. purified individual toxin subunits and then
récombined them to form recombinant Stx2a, and chimeras Stx1aA/Stx2aB2 and
Stx2aA/Stx1aB (117). Although that group observed equivalent cytotoxicity for the
recombinant Stx2a as compared to native Stx2a and found no difference in the
cytotoxicities of Stx1aA/Stx2aB2 and Stx2aA/Stx1aB, they did not report Stx1a
activity. Because of the lack of data for Stx1a and the relative equivalent toxicity of
Stx1aA/Stx2aB2 and Stx2aA/Stx1aB, no conclusion about the relative contribution of
the A or B subunits to toxicity of the prototype toxins could be made (117). Another
study took a similar recombinant approach to produce and then assess chimeric Stx
function, and showed that the cytotoxicity of the chimerics correlated with the source of
the B subunit; however, the activity of all toxins tested was below what would be
expected, a result that may indicate the recombined toxins did not fold properly (105).
Weinstein et al. tried two genetic approaches (operon fusions and co-transformation of
two compatible plasmids that each encoded an individual toxin subunit into a K-12
strain) to produce hybrid Stx1a/Stx2a molecules but neither method produced a
functional Stx1aA/Stx2aB2 chimeric (310). Furthermore, the Stx2aA/Stx1aB chimeric
had a cytotoxic profile that was closer to that of Stx2a than Stx1a, but the caveat to that
result is that the level of toxin in the preparations was not quantitated (310). Another
group that used an operon fusion to produce an Stx2aA/Stx1aB chimera reported that
that hybrid toxin had cytotoxicity, Gb3 binding, and LDs, values that were intermediate

between the Stx1la and Stx2a values (259). Taken together these studies do not provide
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a deﬁnitive answer to the question of which toxin subunit is responsible for the
differential toxicity of Stx1a and Stx2a for Vero cells and mice.

We believe that previous analyses of hybrid Stxs may have been limited by
decreased stability of the chimeric toxins. Because the A, peptide is critical for native
holotoxin stability (14), our approach was to create chimeric Stxs in which the A,
peptide comes from the same origin as the B subunit. We then assessed those toxins for
purity, cytotoxicity, and lethality in mice by the intraperitoneal (ip) and oral routes. We
found that the toxicity of the chimeric toxins for Vero and HCT-8 cells, and by ip
delivery into mice, correlated with the origin of the B subunit. However, the chimeric

Stxs exhibited reduced activity after oral intoxication.
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MATERIAL AND METHODS
Ethics Statement.

All animal studies were approved by the Institutional Animal Care and Use
Committee of the Uniformed Services University of the Health Sciences. These studies
were conducted in strict accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals (296). Animals were housed in an
environmentally controlled room approved by the American Association for

Accreditation of Laboratory Animal Care (AAALAC).

Bacterial strains and growth conditions.

E. coli K12 DHS5a strains were transformed to encode the native Stxs (Stx1a,
pLPSH3 (288); Stx2a, pJES120 (153)) or the chimeric Stxs, as described below. All
bacterial strains were grown in Luria Bertani (LB) broth or LB agar supplemented with

100 pg/mL ampicillin for maintenance of all recombinant plasmids.

Construction of chimeric toxin operons.

Chimeric stx;A;: stx2A; stxoB and stx,A;: stx 1A, stx; B operons were created by
splicing by overlap extension (SOE) PCR as previously described (268). Specifically,
the Stx1la clone, pMJS1, was used to amplify the PCR products stx;4; and stx;A4; stx;B
using primers MJS1 (268) and 2A,/1A,
(5’CTCTCTTCATTCACGGCGCGAACAGATCGCGATGCATGATGATGACAATT
CAG-3’) and primers 1A; (5’GTTGCCAGAATGGCATCTGATGAG-3’) and MJS2,
respectively (268). The Stx2a clone, pMJS2, was used to amplify the PCR products
stx,A4; and stx,A; stx B with primers MJSS (268) and 1A,/2A,

(S’CTCATCAGATGCCATTCTGGCAACACGCGCCCCCTGATGATGGCAATTCA
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G-3’) primers MJS6 (268) and 2A,; (5’ TCTGTTCGCGCCGTGAATGAAGAGAG-3’),
respectively. The stx;4; and stx2A4, stx,B amplification products were spliced together
by PCR to create the 122 operon (with the junction from Stx1a to Stx2a after first R of
RSVR in Stx1a). The stx24; and stx;A4> stx; B amplification products were spliced
together by PCR to create the 211 operon (with the junction from Stx2a to Stx1a after
first R of RVAR in Stx2a). The PCR products were ligated into pBluescript II KS(-)
(Stratagene, La Jolla, CA), transformed into E. coli DH5a, and named pMJS122 and

pMIJS211, respectively.

Purification of Stxla, Stx2a, and chimeric toxins.

All four toxins (Stx1a, Stx2a, 211 and 122) were purified by affinity
chromatography with five mL. AminoLink Coupling Resin (Thermo Scientific)
columns, as described previously (240). Briefly, monoclonal antibody to either the
Stx1a or Stx2a B subunit was covalently bound to the column resin in pH 7.2 coupling
buffer according to manufacturer’s instructions. Monoclonal 13C4 (274), purified from
hybridoma supernatant, was used for purification of Stx1a and chimeric 211
(approximately 7 mg 13C4/column) while monoclonal BC5 BB12 (64), from ascifes
fluid, a gift from Dr. Nancy Strockbine, was used for Stx2a and chimeric 122
purification (approximately 13 mg/column). An independent column was used for the

purification of each toxin.

Toxin purification:

The E. coli K12 strain that contained the plasmid that encoded for the stx of interest
was grown overnight, sedimented by centrifugation (5,000 x g), resuspended 40X in

sonication buffer (50mM NaPQ,, 200mM NaCl), and disrupted by sonication. The cell
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lysate was sedimented by centrifugation (20,000 x g) and placed over the appropriate
affinity column. After purification, Stx was dialyzed against PBS in Slide-A-Lyzer
dialysis cassettes (Thermo Scientific) and concentrated (Millipore Amicon Ultra 30K)
according to manufacturer’s instruction, if necessary. The protein concentrations of the
Stx preparations were determined with a bicinchoninic acid (BCA) assay (Thermo

Scientific).

Specific toxin concentration determination.

Differences in the purity of toxin preparations were normalized as described
previously (240). Briefly, purified toxins were separated on a sodium dodecyl sulfate-
polyacrylamide gel (SDS-Page), and the gel was stained with Oriole fluorescent stain
(BioRad). The stained gel was scanned with ImageQuant LAS 4000 (GE Healthcare)
and analyzed with ImageQuant TL software (GE Healthcare). Densitometry analysis of
the Oriole-stained gel was used to determine the percent of the total protein bands that
comprised the A and B subunit bands. Then the percentage of the preparation that could
be attributed to toxin was multiplied by the total protein in each sample (as determined
by BCA assay). Densitometry analysis of the A and B subunit bands also confirmed the

expected 1:5 subunit ratio, respectively, in each preparation.

Cell culture.

Vero cells (CCL-81, American Type Culture Collection [ATCC], Manassas,
VA) were maintained in Eagle’s minimal essential medium (EMEM) (Lonza, Inc.,
Walkersville, MD) while HCT-8 cells (CCL-244, ATCC), a human epithelial colorectal
adenocarcinoma cell line, were maintained in RPMI-1640 medium (ATCC). All media

were supplemented with 10% FBS, 10 U/mL penicillin, and 10 pg/mL streptomycin.
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Cytotoxicity assay.

The Vero cytotoxicity assay has been described previously (91; 251). Briefly,
Vero cells were seeded in 96-well plates at a concentration of 10,000 cells per well and
incubated at 37°C, 5% CO; for 24 hours. Serial dilutions of toxin samples in fresh
media (EMEM plus supplements as described above) were overlaid onto the cells, and
the plates were incubated for an additional 48 h. The cells were then fixed with
formalin and stained with crystal violet. The absorbance of the wells at 630 nm was
measured spectrophotometrically. Cytotoxicity assays were done on HCT-8 cells in the
same manner as for Vero cells, except that the cells were incubated for 48 hours prior
to the application of toxin. For each toxin sample, CDsy was determined by the
reciprocal of the toxin dilution that caused death of 50% of the cells in the monolayer
compared to control cells. Specific toxin activity was calculated as the CDs¢/mL

divided by the toxin concentration in mg/mL.

Toxin-Gb3 binding enzyme-linked immunosorbent assay (ELISA).

An ELISA to quantitate Gb3-toxin binding was conducted as previously
described (324). Briefly, wells of an Immobilon 2HB 96-well plate (Thermo Electron
Corp) were coated with decreasing concentrations of purified Gb3 glycosphingolipids
(Matreya) suspended in 100% ethanol and dried overnight. The wells were then
overlaid with 20 ng of toxin. Polyclonal rabbit anti-Stx1a and -anti-Stx2a antibodies
(each at 1:5000) were used in combination as the primary antibody for the detection of
all four toxins, while goat anti-rabbit-HRP antibody (1:2,000) was used as the

secondary. Statistical significances of the differences in how well toxins bound to Gb3
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were determined via Two-Way ANOVA with Tukey’s adjustment for multiple

comparisons.

Transwell assay.

We followed the protocol published by Hurley et al. to establish polarized
HCT-8 cells (110). Transwell permeable supports (Corning) with polycarbonate
membrane transwell inserts were seeded with 2-5x10° HCT-8 cells. Media was changed
every two days until the cells were polarized (8-10 days) as determined by Millicell-
ERS resistance reader (Millipore Corporation, Bedford, Mass.) and a transepithelial
electrical resistance (TEER) above 2,000 Q/cm®. Once the cells were polarized, 20 ng
of toxin was added to the upper chamber. All cells remained polarized through 24 hours
post-intoxication as the TEER did not drop below 2,000 {/cm?. The amount of toxin
translocated from the apical to the basolateral side of the cells was determined as
follows. A 40 pL sample of media from the lower chamber was removed and the
toxicity in that sample measured on Vero cells. The Vero cell toxicity of the basolateral
sample was compared to a standard toxicity curve of known toxin concentrations, and
then the value was corrected for the total volume in the lower chamber. The statistical

significance of the amount of translocated Stx was determined via the Students t-Test.

Mice.

All experiments were conducted with 5-6 week old, female BALB/c mice from
Charles River Laboratories (Wilmington, MA). Mice were housed in filter-top cages

with access to food and water ad libitum, unless otherwise stated.
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Lethal dose 50% (LDsg) studies.

Mice were injected by the ip route with 0.1 mL of toxin/PBS at varying
dilutions for ip LDs, studies. The ip LDso values were confirmed for the native toxins
with a total of 25 or 41 mice for Stx1a and Stx2a, respectively (4-5 mice per dose). A
total of 45 mice were used for the chimeric 122 studies, with 3-5 mice per dose. A total
of 48 mice were used for the chimeric 211 ip LDsg studies, with 5-6 mice per dose.
Mice were gavaged with 0.2 or 0.3 mL of toxin/PBS dilutions for the ig LDs studies.
Food and water were removed for 18 and 2 hours, respectively, prior to oral
intoxication. A total of 20 mice were used for the chimeric 122 studies, while five mice
were used for the chimeric 211 study. We used the minimum number of animals
required to attain statistical significance. No analgesics were administered since non-
steroidal anti-inflammatory drugs (NSAIDs) could confound or mask the effect of Stx,
and alter the LDsg values. All mice were weighed daily and monitored at least twice per
day for morbidity and mortality for two weeks. The animals were checked every 6 h
during the time period when mortality was expected. Mortality was an endpoint for the
LDsg studies, however mice that exhibited signs of extreme morbidity were humanely
euthanized by an overdose of inhalational isoflurane followed by cervical dislocation or
CO; overdose, in accordance with the AVMA Guidelines on Euthanasia. Extreme
morbidity was defined as two or more of the following symptoms: > 25% weight loss,
ruffled fur, lethargy, labored breathing, hunched posture, inability to remain upright, or
impaired ambulation that prevents the animal from reaching food and water. LDsy and
95% confidence interval (CI) values were determined by Probit regression analysis
with log transformation of the values. The relative median potency, defined as the ratio
of two LDsgs, along with the CI for the ratio, was calculated to determine statistical
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significance among the Stxs. If the calculated CI did not include 1.0, then the two

LDsos were significantly different with P < 0.05.

Active toxin in feces of ig-intoxicated mice.

Fecal samples were collected 3, 9, 12, 24, and 48 hours after ig intoxication
(same mice from the ig LDsg studies). At each time point, mice were transferred to an
individual cage with no bedding for 30-40 minutes. Fecal pellets were collected,
weighed, and EMEM 1:10 w/v was added. The fecal samples were frozen at -20°C until
all time points were completed so that they could be analyzed simultaneously. The
samples were thawed, mixed by vortex and then filter-sterilized (0.45 micron). The
sterile fecal supernatant was applied to Vero cells as described for the cytotoxicity
assay above, and the total level of toxicity present in each sample was determined. The
basal level of fecal cytotoxicity was determined from stools of unintoxicated control
mice, and that value was subtracted from all experimental sample values. The
geometric mean for each group was then calculated. The amount of toxin present was
then calculated by dividing the geometric mean CDs by the specific activity of that
toxin (CDsp/ug). The Students t-Test was performed on log;, transformed cytotoxicity

CDjs values.

pH stability of Stxs.

The effect of pH and temperature on toxin stability was measured as previously
published (287). The pH buffers used were: pH 7, 100 mM Tris; pH 5, 100 mM sodium
acetate; and pH 3, 100 mM glycine. Briefly, toxin was diluted to 10" CDsp in 0.2 mL of
PBS. Twenty microliters of each toxin was then added to 180 pL of the pH buffers or

PBS as a control. Samples were incubated at either 37°C or 60°C for one hour, then
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immediately placed on ice and neutralized 1:10 v/v with 1 M Tris, pH 7.5. Toxin
activity was then determined by the Vero cell cytotoxicity assay described above. To
determine the fold change in Stx activity, the log transformed CDs, values from
experimental samples were divided by the log transformed CDsg value of the PBS
control. The mean value from four biological replicates is reported. Statistical
significance of fold-change differences was determined with a 1-way ANOVA with

Tukey’s correction for multiple comparisons.
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RESULTS
Construction, purification, and analysis of chimeric and native toxins.

We created two chimeric stx;/stx, operons, purified the toxins produced by
those operons, and evaluated them in comparison with Stx1a and Stx2a in several
assays as described below. The chimeric toxins consisted of the A; subunit from either
Stx1a or Stx2a and the A, peptide and B subunit from the heterologous toxin (see
schematic in Figure 11A). The chimeric toxins were named according to the origin of
the Aj, A, and B subunits, i.e. 122 or 211. We determined the cytotoxicity profile of
the toxin panel (Stx1a, Stx2a, 122, and 211) on Vero and HCT-8 cells (Figure 11B).
The Vero cell specific activities of the native toxins were similar to those previously
reported (287); Stx1a was 3.8x10° CDso/mg, while Stx2 was approximately 10-fold
lower at 4.2x10® CDs¢/mg (Figure 11B). The activity of the chimeric toxins was
equivalent to the native toxin with the homologous B-subunit, such that 211 and 122
had specific activities of 1.0x10° and 1.9x10* CDs¢/mg, respectively. Similar toxicity
results were obtained on HCT-8 cells, although the overall activity of the toxins was
10-fold lower than observed for Vero cells as expected (Figure 11B). (HCT-8 cells
exhibit reduced sensitivity to Stx due to decreased expression of the toxin receptor,
Gb3, on the cell surface (324)).

Next, we determined the binding profile of the chimeric toxins for Gb3.
Previous reports showed that Stx1a binds Gb3 in a dose-dependent manner and with a
higher affinity than Stx2a (49; 324). When the chimeric toxins were examined for the
capacity to bind Gb3 by ELISA, we found that the Gb3-binding capacity of the
chimeric toxins was again dependent on the origin of the B-subunit. Stx1a and 211

bound Gb3 with a significantly greater affinity than Stx2a or 122 (p< 0.01) (Figure 12).
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Figure 11. Native and chimeric Stx operon structure and activities.
(A) Illustration that depicts the origin of the individual subunits, A;, A, or
B, in the native and chimeric operons. Stx1a is in black, while Stx2a is in
white. The chimerics are named such that the number represents the native
toxin from which that subunit originated. (B) Specific activities of the toxin
panel after intoxication of Vero and HCT-8 cells. Geometric mean of
representative of seven biological replicates.
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Figure 12. Binding of toxin panel to Gb3 as measured by ELISA.
All four toxins bound Gb3; however, Stxla and 211 bound Gb3 with a
significantly higher affinity than Stx2a or 122 (p< 0.01). Additionally,
when toxins with identical B subunits were compared, Stxla vs 211 and
Stx2a vs 122, there was no difference in binding (p > 0.05). Error bars
represent standard error of the mean (SEM); n=four biological replicates.
Toxin-Gb3 binding was compared by Two-Way ANOVA with Tukey’s
adjustment for multiple comparisons.
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Our next step was to investigate the translocation properties of the toxins
through polarized HCT-8 cell monolayers by the procedure published by Hurley et al.
(110). As expected, the HCT-8 cells remained polarized for 24 hours after 20 ng of any
of the Stxs were applied to the apical transwell chamber (data not shown). However, a
significantly greater amount of Stx1a or 211 translocated through the HCT-8 polarized
monolayers to the basolateral chamber than did Stx2a or 122 at 0.5, 2.5, and 24 hours
post intoxication (p<0.05) (Figure 13). For example, after 24 hours, 0.57 and 0.71 ng of
Stxla and 211, respectively, had translocated while only 0.14 and 0.07 ng of Stx2a and

122, respectively, were recovered from the basolateral chamber.

Ip lethality of the toxin panel.

We next determined the ip LDsgs of the toxin panel. The ip LDs, values for
Stxla and Stx2a were 430 ng and 2.2 ng respectively (Table 5), values that are
consistent with previous reports (287). The 122 chimeric had an equivalent LDs, to that
of Stx2a at 2.3 ng (p > 0.05), while 211 had an LDs, closer to that of Stx1a at 2300 ng,
results that again show that the relative toxicity of the chimeric is dependent on the
source of the B subunit. The LDs¢s corresponding to the Stx2 B subunit were
statistically lower compared to LDs¢s associated with the Stx1 B subunit (p < 0.05).
The mean time-to-death (MTD) for ip intoxicated mice was analogous for all four

toxins, at approximately 4.3 days.
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Figure 13. Stx translocation through a polarized HCT-8 cell monolayer after 20 ng
was applied to the apical chamber.
The Stx1a B subunit was associated with statistically greater toxin
translocation compared to the Stx2a B subunit. A greater amount of Stx1a and
211 was recovered from the basolateral chamber as compared to Stx2a and
122 at 2.5 and 24 h (p < 0.05). Error bars represent SEM. n=4 biological
replicates
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Table 5. Ip LDs of native and chimeric toxins

Toxin LDso, ng’ 95 % CI'

Stxla 430 250-620
211 2300 1300-4600

Stx2a 2.2 2.0-2.6
122 2.3 1.7-3.1

*LDso and confidence intervals were determined by Probit analysis after taking the log

of the values.
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Oral intoxication of chimeric Stxs.

We continued our in vivo analysis of the chimeric Stxs with a determination of
the oral toxicity of those preparations. We recently reported that the i.g. LDsg of Stx2a
is 2.9 ug/mouse (240). Although extreme weight loss and death were observed at Stx2a
concentrations of 2 ug or greater, we observed only minimal weight loss and no
mortality with 122 at doses of 15 pg or below (data not shown). We next gavaged 35 or
130 pg of 122 into new groups of mice (approximately 10- or 40-X the Stx2a ig LDs,
respectively). At the 35 and 130 pg doses of 122, we observed weight loss in both
groups and one death in the 130 ug cohort (Figure 14A & B). From these results we
concluded that the 122 ig LDsq is greater than 130 pg and more than 10X the Stx2a ig
LDso. We found no morbidity or mortality after intragastric administration of 157 pg

Stxla (240) or 211 at doses up to 70 pg (data not shown).

Higher percent of active Stx2a recovered than active Stx1a from feces.

To determine whether the toxins were shed differentially into the feces, or if
large amounts of the toxins were shed into the stool after oral intoxication, we collected
stool from mice fed Stx1a, Stx2a, 211, or 122 at 3, 9, 12, 24, and 48 hours post
intoxication and measured the cytotoxicity from those samples on Vero cells. Fecal
samples were also collected from control mice to determine the baseline toxicity of
stool for Vero cells. After subtracting the background fecal toxicity, we determined the
CDso/mL attributable to the active toxins in stool. Once we measured the CDsq for each
toxin present in the stool, we used the specific activity of the toxins to calculate the
actual amount of toxin (ug) excreted at each time point. The highest levels of toxin in

stools were found at the three hour time point for all four toxins. Active Stx2a was
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Figure 14. Morbidity and mortality after ig intoxication with chimeric 122.
Ig intoxication of up to 15 pg 122, 5X the Stx2a LDsy of 2.9 ug [38], did not
result in morbidity or mortality. Weight loss was observed after intoxication
with 35 and 130 pg 122 (A) and one animal in the 130 pg group succumbed
to intoxication on day 4 (B). Error bars represent SEM; 15 pg: n=10; 35 and
130 pg: n=5
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recovered from mice gavaged with 2, 7.5, or 15 pg of Stx2a for up to 48 hours post
intoxication, whereas the toxin was only detectable in the feces of mice given 0.25 pg
ig for 12 hours (Figure 15A). Chimeric 122 was only detected up to 24 hours post
intoxication, and there was a significant reduction in toxin excreted from three to nine
hours (p< 0.05) (Figure 15B). Stx1a was also detectable in the feces up to 48 hours
post-intoxication (Figure 15C), while chimeric 211 was only found in the first 12 hours
(Figure 15D). When the calculated toxin output was compared to the initial intoxication
dose, we found that a relatively low percentage of each Stx was recovered from stool.
For example, when 15 pg of Stx2a were given ig, we detected 1.8 ug in the feces at
three hours post-intoxication. Levels of active Stx2a in fecal samples were recovered at
a higher percentage of the initial dose over time compared to the rest of the toxin panel
(Figure 15A-D), except for the 157 pg Stx1a dose at the 3 h timepoint. Overall, we
recovered a higher percentage of active native Stxs compared to the chimeric Stxs
when equivalent amounts of toxin were gavaged (Figure 15A-D). In particular,
significantly less 122 than Stx2a was detected at three hours in the 0.25 and 15 pg
groups and for all groups at the remaining time points (p< 0.05) (Figure 15A &B). In
addition, significantly more Stx1a than 211 was recovered from the groups that
received 70 pg at all time points (p <0.05) (Figure 15D). We next tried to determine the
total concentration of toxin in the feces (active and possibly inactive) with an Stx
ELISA. However, the levels of Stx in the feces were below the high limit of detection

in the ELISA (not shown) (270).
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Figure 15. The percent of active toxin recovered from feces compared to toxin
input.
The amount of active toxin detected was divided by the amount
administered and multiplied by 100 to determine the percent of active Stx2a
(A), 122 (B), Stxla (C), or 211 (D) recovered from the stool. A significantly
greater amount of active Stx2a was recovered than active 122 at 9, 12, 24
hours post intoxication at all concentrations fed (t-Test p<0.05). A
significantly greater amount of active Stx1a was recovered than active 211
at three, nine, and 12 hours post intoxication (Students -Test p<0.05).
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Table 6. Fold change of Vero cytotoxicity after incubation in a buffer of pH 3
compared to pH 7.4 (PBS) for 1 h at 37 C or 60 C.

Stx type 37°C 60°C
Stxla 1.0 0.79°
211 0.88% 0.46°
Stx2a 0.94° 0.62°
122 0.74° 0.48°

" The reduction in activity of the chimeric was significant at both temperatures
(P<0.05).
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DISCUSSION

The major finding from this study was that the toxicity difference between
Stx1a and Stx2a on cells and ip in mice is mediated by the B subunit. For this
investigation, we evaluated purified chimeric toxins in which both the A; peptide and B
subunit originated from the same native toxin. Although another group had created
chimeric Stxs with hybrid A,/A; subunits, they used plasmid complementation to
combine the chimeric A;/A; with the B subunit, and the cytotoxic activities of those
chimerics were significantly lower than those of the native Stx with the corresponding
B subunit (121). The structural design of our chimeric toxins is likely the reason that
they exhibited in vitro cytotoxicity equivalent to the native toxin with the
corresponding B subunit. We also believe it was critical that we quantitated the toxin
level in purified preparations based on toxin antigen rather than total protein
concentration. Other groups of investigators who examined Stx1a/Stx2a chimeras either
reconstituted the toxins from purified subunits and observed lower cytotoxicity values
than expected (104) or did not get the expected difference in toxicity between Stxla
and Stx2a (117), or they used an operon fusion method but did not produce an active
Stx1aA/Stx2aB hybrid (259; 310), or they focused solely on the capacity of Stx2a and
the Stx1aA/Stx2aB chimeric to bind human serum amyloid component P (HuSAP)
(168).

Although our finding that the B subunit is responsible for the differential
toxicity of Stx1a and Stx2a on Vero and HCTS cells and ip in mice was not surprising
based on previous studies (105; 117; 259; 310), our investigation was the first in which
a complete set of toxins and chimeras (Stx1a, Stx2a, and each hybrid, 211 and 122)
were compared in both in vitro and in vivo assays. Furthermore, this is the first report in
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which the Vero cell specific activity of the chimeric toxins was equivalent to the
activities associated with the native toxin. However, we found that although Stx2a and
122 have an identical mouse LDsq by the ip route, the 211 chimeric demonstrated about
a 5-fold higher ip LDs than did Stx1a. In contrast, Shimizu et al. found that the LDsg of
an Stx2aA/Stx1aB hybrid is approximately 2-fold lower than that of Stx1a (259),
perhaps because that hybrid bound to Gb3 with a lower affinity in their hands than did
Stx1a, and a lower binding affinity to Gb3 is associated with a lower LDs in mice
(241). The decreased in vivo lethality as compared to in vitro toxicity of 211 in our
hands may be due to a reduced stability of the holotoxin as compared to Stx1a as
measured by sensitivity to pH, and perhaps exacerbated in vivo by the requirement of
the toxin to travel from the peritoneal cavity to the kidney. By comparison, in vitro the
toxin is overlaid directly onto the target cell and is not subject to multiple potentially
harsh environments.

We previously established that the oral mouse intoxication LDs, for Stx2a is 2.9
ng, 1,000X greater than the ip LDsg (240). However, in this study we found that 122
was not lethal to mice at 35 pg. Nevertheless, mice gavaged with 130 pg of 122
displayed morbidity profiles similar to mice gavaged with 2 ug of Stx2a and one mouse
died. These observations indicate that 130 pg of 122 is close to the ig LDso. We
anticipate that the ig LDsg of 211 would be at least 1,000X greater than the ip LDsg (as
we found for Stx2a),and, therefore, more than 2.3 mg/mouse.

We hypothesize that oral intoxication is likely the most strenuous test of the
activity of the toxins because the molecule must pass through the gastrointestinal tract

(GI) before entering the bloodstream. As a corollary to that theory, we initially
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speculated that 1,000X more toxin is required for ig compared to ip intoxication
because a portion of toxin is inactivated by the acidic conditions in the intestines. We
found however, that less than 25% of the Stx2a and 50% of Stx1la gavaged,
respectively, could be found in the stool, a result that indicates that most of the active
Stx is not combined into stool. Overall, we recovered a greater percentage of active
Stx2a than Stx1a from stool, even though a higher amount of Stx1a was gavaged and
Stx2a was more lethal than Stx1a. These latter differences between the native toxins
may be due to unique binding and/or translocation patterns during transit through the
GI tract, and we did observe greater Stx1a binding to Gb3 and translocation in the
HCT-8 cells in vitro. We do not believe a significant reduction in activity of the native
Stxs occurred in the GI tract, as we did not find Stx antigen in the stool at levels above
that detected by Vero cell assay, and because we and others showed that the toxins are
stable at pH 3 and 37°C (139). Additionally, the Stxs were not readily inactivated by
proteases in the mucus in vitro (data not shown). We believe, therefore, that after oral
intoxication, a combination of factors results in less toxin reaching the target cells in
the kidney, which therefore results in an increased ig L.Dso compared to the ip LDs,
Our results indicate that the B subunit of each toxin is critical for the differential
toxicity between Stx1la and Stx2a and, further, that the B subunit is particularly critical
for proper delivery of the toxins from the GI tract. However, a major question still
remains: why is Stx2a more potent iz vivo that Stx1? Our findings suggest that the
differential mouse lethality of Stx1a and Stx2a may occur at the level of dissemination

from the GI tract within the animal or directly at the level of toxicity to the kidney. That
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Stx2a has a 1000-fold lower CDs for renal endothelial cells than Stx1a suggests the

difference occurs at the site of the kidney (165).
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Dissertation overview.

My primary goal for this doctoral project was to examine the paradox that Stx1a
is more cytotoxic in vitro than is Stx2a on most cell types, while Stx2a is more toxic in
vivo compared to Stx1a. To investigate that relationship, I developed two specific aims.
My first aim was to compare the features of intoxication by Stx1a and Stx2a when
orally administered to mice (Chapter 2). For that purpose, I determined the Stx2a ig
LDs, defined the histopathology after intoxication, and, finally, protected, and rescued
mice with a monoclonal antibody (MAb) against Stx2a. However, I did not observe
morbidity or mortality after oral intoxication with Stx1a. My second aim was to define
the contribution of individual Stx1a and Stx2a subunits in intoxication through the use
of chimeric Stxs (Chapter 3). I validated and extended previous observations that
holotoxin stability is required for Stx activity and that the B subunit is responsible for
the binding and toxicity profile of the holotoxin. The data presented in chapters two and

three advanced our understanding of the in vitro and in vivo properties of the Stxs.

Synopsis of chapter two

Preliminary unpublished data from Dr. Michael Smith who was a member of
our group suggested that oral inoculation of Stx2a into mice could be lethal for the
animals. While we were completing the work detailed in chapter two, the first report to
demonstrate lethality of mice after intragastric (ig) intoxication with Stx2a was
published (230). We then went on to expand the finding in that publication by the
development of a well-defined and reproducible oral intoxication model that permitted
us to calculate the ig LDsg of Stx2a as 2.9 pug (Figure 5) (240). We also determined that

intraperitoneal (ip) and ig intoxication profiles are similar, as mice developed acute
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tubular necrosis (ATN) of epithelial cells and irregular renal panel serum
biochemistries, specifically, elevated levels of creatinine and blood urea nitrogen, and
dysregulated electrolytes. However, ip intoxicated mice exhibited greater morbidity and
a shorter mean time to death (MTD) compared to ig intoxicated mice, presumably
because Stx can reach the kidneys faster when it does not have to traverse the
gastrointestinal (GI) tract. Additionally, we did not observe any intestinal lesions after
ig intoxication, a finding that supports the hypothesis that Stx translocates across
epithelial cells without cell damage (5; 110; 222).

We also observed that ig intoxication of 2 pg of Stx2a, a sub-LDs dose,
resulted in extreme weight loss followed by rapid recovery. To understand the
pathology of Stx2a intoxication and recovery, we euthanized mice on various days after
the increase in weight gain. Mice sacrificed at their weight loss nadir displayed ATN
and irregular renal panel serum biochemistries (describe above). The observed
histopathology of the sub-LDsg dose was similar to that of a dose 6X the LDsy;
however, we believe the extent of tubular damage was greater in mice intoxicated with
the increased dose. When the animals were given one or two days to recover after
intoxication with sub-LDs doses of Stx2a, their serum biochemistries returned to
normal and the tubular pathology was reduced with indications of tubular epithelial cell
regeneration. No renal lesions were observed in these mice after three days of weight
gain. These observations indicate that tubular function is an important predictor of
morbidity and mortality in Stx2a-intoxicated mice. Recovery from Stx2a intoxication is
possible due to tubular epithelial cell regeneration as long as a minimum number of

tubules remain functional.
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Finally, MAb 11E10, against the Stx2a A subunit, was protective when
delivered 1 h prior to ip or ig intoxication, and rescued mice up to 6 h after intoxication.
These findings confirm that Stx2a is responsible for lethality in the oral intoxication
model and that MAbs are a viable therapeutic option if delivered early in the clinical
course. Stx has a short serum half-life (162; 241), a property that reduces the treatment
window as the toxin is quickly bound to target tissues where it appears to no longer be
available for neutralization by antibody.

Our findings are consistent with epidemiological data that infection with an
Stx2a- positive O157:H7 strain is associated with more severe disease compared to an
Stx1a- positive strain (32; 140; 197; 212; 255). One main difference between our oral
intoxication mouse model and clinical O157:H7 infection is that the mice develop renal
lesions in the tubules while the primary human renal lesion is believed to be
glomerular. However, two reports have identified tubular epithelial cells as the primary
target for Stx intoxication of human kidneys (48; 297). Unlike tubular epithelial cells,
glomerular endothelial cells are not able to regenerate after Stx intoxication due to
irreversible scaring of glomerular fenestrations that renders the glomerulus non-
functional (192; 232; 322). The overall low percentage of long term sequela from
0O157:H7 infection supports the hypothesis that tubular epithelial cells are a primary
renal target during human infection, and that glomerular involvement results in chronic

sequela.

Synopsis of chapter three

We demonstrated that Stx chimerics in which the A, peptide and B subunit

originate from the one native Stx and the A, subunit originates from the other native Stx
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are more stable than Stx chimerics in which the entire mature A subunit originates from
one native Stx and the B pentamer originates from the opposite native Stx. The A,
peptide is critical for holotoxin stability (14), and the failure of previous reports to
purify an active Stx1aA/ Stx2aB chimeric (105; 310) is probably due to lack of
holotoxin stability. Our chimerics were the first to exhibit cytotoxicity equivalent to
that of the native Stx with which they share the B subunit. From this result, we
concluded that the chimeric holotoxin structure was maintained. Our in vitro tests
confirmed previous reports that the B subunit is responsible for the binding profile of
the toxin molecule (105; 117; 259; 287; 310). Our Stx chimerics exhibited equivalent
properties to the native Stx with which they shared the corresponding B subunit, as
determined by Gb3 binding in an ELISA, cytotoxicity on Vero and HCT-8 cells, and
translocation across a polarized HCT-8 monolayer. However, the in vivo activities of
the chimeric Stxs were reduced comparéd to the native toxins. We surmise that
although the A, peptide increased the stability of the chimerics, it was not sufficient to
overcome in vivo conditions. The hypothesis of decreased in vivo stability of the
chimeric Stxs is supported by the reduced percentage of active chimeric toxin
recovered in the stools of mice (Figure 15) compared to native toxin and by the
increased impact of elevated temperature and reduced pH on activity of the hybrid
toxins compared to native molecules.

The question as to why Stx1a is not as toxic in vivo as is Stx2a remains. Both
Stxs were equivalently stable after incubation at 37°C in pH 3, and, therefore, we
predict that each toxin can transit through the GI tract without undergoing a substantial

degree of degradation. However, we recovered a greater overall percentage of active
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Stx2a from the stool, even though the mice were intoxicated with higher dose of Stxla
than Stx2a. Since our in vitro stability data suggest that both Stxs are equivalently
stable in vivo, the recovery of significantly more Stx2a indicates that Stx1a and Stx2a
exhibit different binding or translocation properties through the GI tract. It is also
possible that Stx1 is not toxic because once systemic, it fails to reach the target site of

the kidneys.

Investigations into the lack of Stx1a in vivo toxicity by the oral route

The results discussed in chapters two and three increased the body of
information on the determinants of Stx toxicity. Nevertheless, the original paradox
remains: Stx1a is more cytotoxic toward Vero cells, while Stx2a is more toxic to mice.
We propose two hypotheses for the reduced iz vivo toxicity of Stx1a after oral
intoxication. Either Stx1a is not able to exit the intestinal tract and therefore never
enters the vascular system to reach the kidneys; or Stx1a binds to Gb3 and is
sequestered at nonfunctional sites systemically, and therefore fails to reach the kidney
in significant concentrations to cause morbidity and mortality. In support of the latter
tenant, Rutjes et al. inoculated iodinated Stx1a or iodinated Stx2a, at equal
concentrations, iv into mice and reported that 10X more Stx1a went to the lungs while
3X moré Stx2a went to the kidneys (241). As mentioned earlier, these investigators
suggested that since Stx1a binds Gb3 with a greater affinity than does Stx2a, Stxla is
likely sequestered at nonfunctional tissue sites when systemically administered while
Stx2a reaches the kidneys at a concentration high enough for lethality. We conducted
two additional experiments to test our two hypotheses as to why Stx1la was not toxic

when given orally, even at high doses.

112



Stxla versus Stx2a dissemination

To determine the irn vivo dissemination pattern of each toxin after ig intoxication
and discern the location of the potential barrier of Stx1a toxicity, we covalently labeled
Stx1a and Stx2a with a fluorescent tag (Alexa Fluor-750; Life technologies). The tag
did not affect the cytotoxic activity of either Stx. We intoxicated mice ig with 150 ng of
labeled Stx1a or Stx2a. The mice were euthanized after six hours, and their systemic
organs were necropsied and imaged with the Carestream In vivo MS FX Pro.
Unpublished preliminary data suggest that Stx1a and Stx2a have a similar
dissemination pattern after oral intoxication (Figure 16). We were surprised to observe
that an equivalent amount of both Stxs transited to all of the systemic organs tested,
with the highest signal for both toxins in the kidneys. That equal amounts of Stx1a and
Stx2a reach the kidneys, suggests the block in Stx1a toxicity occurs systemically at the

target site.

Stx1a and Stx2a co-intoxication

The dissemination experiment disproved both of our initial hypotheses as to the
basis for decreased Stx1a in vivo toxicity. We now speculate that Stx1a and Stx2a
likely intoxicate cells to which they bind in the kidney with different efficiencys, i.e.
they bind equivalently but differentially kill cells to which they bind. We are currently
designing assays to test that possibility, but as a corollary to that idea, we propose that
Stx1a and Stx2a compete for binding at the target site of the kidneys. Our reasoning
behind that prediction is that both Stxs were found by imaging at equal concentrations

in the kidneys but only Stx2a is associated with severe disease after STEC infection or
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oral intoxication. A potential competition between the Stxs is also suggested by
previous reports on the link between the toxin profiles of O157:H7 strains and
likelihood of an infected patient developing HUS. Specifically, epidemiological studies
indicate that an individual is more likely to develop HUS if infected with an Stx2a-
only-expressing O157:H7 strain than either an Stx1a-only producing strain or an Stx1a,
Stx2a-postivie isolate (32; 140; 197; 212; 255). Additional support for the hypothesis
that interference may occur between Stxs comes from the work of Kiarash et al. who
found that Stx1a and Stx2c compete with each other for binding to preferred Gb3
analogues in vitro (133). Stx1a prefers Gb3 with long fatty acid (FA) chains and can
out compete Stx2c¢ binding to Gb3 with FA chains of C22. Conversely, Stx2c prefers
Gb3 with shorter FA tails and can out compete Stx1a binding to Gb3 with FA chains of
C18 (133). Additionally, the Stx1a B subunit has previously been shown to neutralize
Stx1a holotoxin in vitro cytotoxicity (26; 38), and unpublished observations from Drs.
James Sinclair and Zhimei Liu in our laboratory indicate that excess concentration of
the Stx1a B subunit can neutralize Stx2a cytotoxicity in vitro.

To assess whether Stx1a impedes the toxicity of Stx2a in vivo, we orally
intoxicated mice with 7.5 pug Stx2a, a 100% lethal dose, in combination with an
equivalent concentration Stxla (7.5 ug) or PBS as control. Preliminary data indicate
that Stx1 competes with Stx2 for binding at the kidneys (Figure 17). Mice that were
intoxicated with Stx2 and PBS lost weight sooner and had a significantly shorter MTD
compared to the co-intoxication cohort of Stx2a and Stx1a, even though those mice

received 2X the total Stx concentration. Since an equal concentration of Stx1a and
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Figure 17. Stx1a competes with Stx2a in a co-intoxication model.
Morbidity (A) and mortality (B) were delayed in mice that received Stxla in
combination with Stx2a compared to mice intoxicated with Stx2a and PBS.
(A) Mean weight (g) of the two experimental groups over the course of the
experiment. Each group; n=7. Error bars indicate the standard error of the
mean. There was a significant difference in weight on day three (p =
0.0041), as calculated by two-way ANOVA. (B) Mouse survival percentage
for both experimental groups over the course of the experiment. The
extension in MTD of mice intoxicated with Stx2a+Stx1a compared to mice
intoxicated with Stx2a and PBS, five and four days respectively, was
statistically significant (p = 0.001).
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Stx2a disseminated to the kidneys in the first of our unpublished studies on toxin transit
from the gut (Figure 16), the delay in toxicity of Stx2a in the presence of Stx1a likely
occurred at the target sites in the kidney. At that location, Stx1a may bind to a more
heterogeneous Gb3 population on renal tubules and compete with Stx2a for receptor
binding or Stx1a may induce a change in the Gb3 membrane composition that

preferentially allows Stx1a binding.

Conclusions

The two preliminary experiments discussed above provide additional insights
into the Stx oral intoxication pathway. Through our dissemination study with
fluorescently labeled Stxs, we showed that Stx1a did not remain localized in the GI
tract and reached systemic organs. We did not anticipate that equal concentrations of
Stxla and Stx2a would disseminate to the kidneys since we have not observed
morbidity or mortality after ig intoxication with an Stx1a dose 50X the Stx2a LDs,.
Stx1a is known to cause disease (120; 253; 262; 304); however, a much larger amount
of toxin is required as evidenced by a 100X increased ip LDs( dose compared to Stx2a
(287). Additionally, we demonstrated that after oral intoxication Stx1a did not bind
more systemic sites throughout the mouse than did Stx2a. Together, these results
suggest that the difference in intoxication profiles between Stx1a and Stx2a occurs at
the cellular level of the kidney.

The co-intoxication experimental findings support the hypothesis that Stx
intoxication profiles are affected at the kidney. The localization and composition of
Gb3 is critical for toxin binding (7; 8; 19; 133; 158; 207; 219). Stx1a can compete with

Stx2 for receptor binding sites and Gb3 FA chain lengths are likely responsible. Stx1a
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and Stx2a bind with greater affinity to particular FA subsets; nevertheless, their general
binding patterns overlap. Stx1a may bind to a wider variety of FA chain lengths,
initially preventing Stx2a from binding Gb3. Stx1a may intoxicate cells at the target
site of the kidney to a lesser degree or be trafficked through a different pathway than
Stx2a. However, once sufficient Stx1a is endocytosed into the cell, Stx2a is able to bind
the free Gb3 receptor and intoxication results in lethality. Another possibility is that
initial binding of Stx1a induces a change in the makeup of Gb3 on the cell membrane.
Together, these data correlate with epidemiological evidence that O157:H7
strains that produce Stx2a only are associated with more severe disease than strains that
produce Stx1a and Stx2a. The decreased disease severity observed after infection with
an O157:H7 that expresses both Stxs may be due to Stx1a competing with Stx2a for
binding receptors at the site of the kidney. It is possible the variation in the percentage
of patients that progress to HUS across O157:H7 outbreaks is affected by the ratio of

Stx1a and Stx2a produced by the strain.

Model of Stx1a and Stx2a intoxication.

The model of Stx intoxication is illustrated in Figure 18. Oral intoxication of
Stx1a and Stx2a delivers the toxins directly to the stomach. The Stxs maintain activity
as they transit through the stomach due to high pH stability of the holotoxin molecules
(Table 6). Stx1a and Stx2a enter the intestinal lumen where epithelial cells express a
minimal concentration of the receptor Gb3 (324). Stx1a and Stx2a then translocate
across intestinal epithelial cells without inhibiting protein synthesis (Figure 13) at a

level that would kill the cell, as no lesions were observed in the intestinal tracts of
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Figure 18. Model of Stx1a and Stx2a intoxication.
(1) Stx1a and Stx2a are delivered into the stomach via ig intoxication. (2)
The Stxs transit through the stomach to the intestines. (3) A portion of Stx1a
and Stx2a translocate across the intestinal epithelial cell layer, while some
active toxin continues through the intestinal tract and is excreted in the
feces. (4) The Stxs enter the vascular system and transit to systemic sites
through the blood stream. (5) MAbs, when present, can neutralize Stx, and
protect mice from death. (6) Stx1la and Stx2a both transit to the kidneys at
equal concentrations; however, Stx2a is associated with increased disease
severity. When Stx1a and Stx2a are intoxicated in combination, Stxla
competes with Stx2a and delays clinical symptoms and MTD. The Gb3
receptor expression on kidney tubular epithelial cells likely impacts the
binding affinity of Stx1a and Stx2a at the target site, thereby affecting the
degree of toxicity.
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orally-intoxicated mice (Figure S1). However, not all Stx translocates across the
epithelia, as evidenced by the detection of active Stx in the stool (Figure 15). Stx1a and
Stx2a enter the vasculature and transit to systemic organs through the blood stream.
MAD can protect and rescue mice from Stx2a if delivered early in the clinical course
(Figures 8 & 9; Table 4). (Additionally, MAbs protect against Stx1a ip intoxication
(287)). When intoxicated separately, equivalent concentrations of Stx1a and Stx2a
reach the target site of the kidney (Figure 16); however, Stx2a results in morbidity and
mortality, while no morbidity is observed after intoxication of up to 157 pg Stxla. In a
co-intoxication experiment with equal concentrations of each Stx, I hypothesize that
Stx1a competes with Stx2a, and delays morbidity and mortality (Figure 17). Stx
binding affinity is likely determined by the unique Gb3 makeup of the kidney tubular
epithelial cells. Although Stx1a binds Gb3 with greater affinity in vitro (Figure 12), the
Gb3 species in the kidney may favor the type of Stx2a binding that leads to greater

levels of cellular intoxication compared to Stx1a.

Future directions.

Future aims for this project are derived from the preliminary dissemination and
co-intoxication experimental results. Since the dissemination experiment demonstrated
that Stx1a reaches the kidneys, we plan to compare the renal panel serum
biochemistries of mice orally intoxicated with Stx1a to mice intoxicated with an
equivalent concentration of Stx2a. We also plan to necropsy the systemic organs for
pathological review to determine if there are any renal lesions after Stx1a oral
intoxication. The renal panel biochemistry values combined with histopathology results

will enable us to determine whether Stx1a is effectively intoxicating renal cells in vivo.
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It is possible that renal cells do not express the Gb3 population to which Stx1a prefers
to bind to or that Stx1a intoxicates at a slower rate and the tubules are able to
regenerate in time to avoid outward signs of morbidity.

Second, we plan to extend our preliminary co-intoxication experiment in which
we intoxicated with equivalent concentrations of Stx1a and Stx2a. Although we believe
equal concentrations of both Stxs is biologically relevant, we want to determine the
actual ratio of each Stx expressed by an O157:H7 strain. We plan to use an immunoblot
(154) to determine the relative amount of Stx1a and Stx2a produced in vitro by an
0157:H7 strain and repeat the co-intoxication experiment based on that result. If more
Stx1a is expressed than Stx2a, we may be able to enhance the competition phenotype
and delay or reduce morbidity. We also plan to conduct a dose response experiment, to
determine both the minimum amount of Stx1a needed to compete with Stx2a and the
maximum Stx 1a amounts for in vivo competition with Stx2a.

Finally, we plan to combine our fluorescently labeled Stx oral intoxication
model with our Stx co- intoxication model. Our initial findings suggest that during
single intoxication studies, Stx1a and Stx2a transit systemically in an equivalent
dissemination pattern. However, preliminary data also imply that the Stxs compete for
binding, at least at the location of the kidney, when both toxins are administered at the
same time. We plan to use a combination of fluorescently labeled and non-labeled Stx
for our competition studies. We will orally intoxicate with a set dose of labeled Stx and
compete with either an equal or excess amount of the unlabeled, heterologous Stx to
determine whether the dissemination pattern of either or both Stxs is affected in dual

intoxication studies.
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Overall conclusions.

Oral intoxication with Stx2a results in in vivo toxicity that correlates with the
severe disease associated with Stx2a- positive O157:H7 strains. Oral intoxication is
biologically relevant as it resembles the release of toxin in the GI tract after ingestion of
0157:H7 infected food source. The stability and binding of the holotoxin determine the
degree of toxicity once Stx is systemic. EHEC O157:H7 pathogenesis in general and
Stx intoxication specifically, is a complex, integrated process, dependent on Stx
genotype, host cell location, tissue type origination, and Gb3 population. Variations of
any one of these factors likely contribute to an individual’s ability to resolve the
infection or progress to Stx-dependent sequela. Animal intoxication models are
practical systems that can be used to more fully dissect the Stx intoxication process in
general and to explore the differences between Stx1a and Stx2a intoxication

specifically.
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Identification of Host Genetic Factors Involved in Colonization of
Mice by E. coli O157:H7
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The data presented in this appendix are preliminary and are intended to be submitted

for publication upon completion of analysis.
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Note: The figure, table, and reference numbers have been adjusted to follow the format

of this dissertation.
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ABSTRACT

Enterohemorrhagic E. coli (EHEC) are responsible for foodborne outbreaks that
can result in severe human disease in a significant portion of infected individuals.
During an outbreak, differential disease outcomes are observed after infection with the
same EHEC O157:H7 strain. One question of particular interest is why do some
infected people resolve infection after hemorrhagic colitis (HC) whereas others
progress to the hemolytic uremic syndrome (HUS). Host age and infection dose have
been implicated; however, these parameters do not fully account for all of the observed
variation in who develops HUS. Therefore, we hypothesize that host genetic factors
may play arole in progression to HUS. To test this theory, we used a mouse model of
oral infection with E. coli O157:H7. To provide the genetic diversity required to study
the variable infection outcome after E. coli O157:H7 challenge, we orally inoculated
animals in the advanced recombinant inbred (ARI) BXD panel that was created by
intercrossing C57BL/6J (B6) and DBA/2J (D2) mice and then inbreeding the individual
strains to homozygosity.

The founder strains (B6 and D2) were infected with either 86-24, a wild type
O157:H7 Stx2a positive strain, or TUV86-2, an Stx negative isogenic mutant.
Colonization levels were determined in the intact commensal flora (ICF) infection
model. We found a significant difference in colonization levels between the founder
strains after infection with TUV86-2, but not with 86-24. This observation suggests that
a host factor that may be masked by Stx affects O157:H7 colonization in some genetic
backgrounds. We then determined the TUV86-2 colonization levels of 29 BXD strains
in the ICF model. Analysis of the known genetic makeup of the BXD strains compared
to the observed colonization levels may identify a quantitative trait locus (QTL).
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Preliminary analyses of the resultant data identified a possible QTL on chromosome 13
on days three and four post infection. Additional BXD strains will be selected to refine

or refute the identified QTL.
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INTRODUCTION

Enterohemorrhagic E. coli (EHEC) are Gram-negative, enteric pathogens
associated with many foodborne outbreaks. Serotype O157:H7 accounts for the greatest
incidence of disease due to a single Shiga toxin- producing E. coli (STEC) serotype in
the United States. Indeed, E. coli O157:H7 1s estimated to be responsible for 63,000 of
the estimated 113,000 STEC cases per year (247). Shiga toxin (Stx), the primary
virulence factor, is an ABS5 toxin that inhibits protein synthesis and leads to cell death
(69). The A subunit is responsible for the catalytic activity of the molecule, and the B
subunit binds to the host cell receptor, globotriaosylceramide (Gb3). An EHEC strain
may encode Stx1a and/or Stx2a, two biologically similar though antigenically distinct
toxins. EHEC strains also encode other virulence factors, located on the locus of
enterocyte effacement (LEE) pathogenicity island (195). Intimin, the primary adhesion
binds to its receptor Tir, or translocated intimin receptor, which is secreted into the host
cell through a type three secretion system (T3SS). The tight adhesion of intimin and Tir
create attaching and effacing (A/E) lesions that destroy the intestinal microvilli,
decrease fluid absorption, and, result in diarrhea. Hemorrhagic colitis (HC) that often
occurs immediately after or concurrently with E. coli O157-mediated diarrhea is
believed to be a consequence of the action of Stx on small vessel endothelial cells in the
colon (171).

Cattle and other ruminants are the natural carriers of EHEC O157:H7, and
contamination most often occurs during beef processing (12; 13; 102). Initially, ground
beef was responsible for the majority of outbreaks (16; 65); however, contaminated
fresh produce and non-pasteurized beverages are also responsible for disease (41; 58;
83; 136; 181). Epidemiological analysis suggests that O157:H7 strains that produce
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Stx2a only are responsible for more severe disease than EHEC strains that produce
Stx1a only or Stx1la and Stx2a (32; 140; 197; 212; 255). After ingestion of even low
doses of E. coli O157:H7, the most common disease manifestation is HC; this
presentation of bloody diarrhea occurs in approximately 90% of infected individuals
(280). A serious sequela of E. coli O157:H7 infection, the hemolytic uremic syndrome
(HUS), as defined by thrombocytopenia, hemolytic anemia, and kidney failure, occurs
in 10-20% of individuals (280). It is not known why some individuals spontaneously
clear infection while others progress to HUS. Infectious dose and age of the patient
have been implicated; however, these factors alone do not account for the total
observed disease variance.

Host genetic factors are believed to be an important determinant for O157:H7
related disease outcome; however, traditional laboratory animal models have been
inbred to reduce heterogeneity in an intentional reduction of genetic complexity so as to
minimize variability between experiments (54). Therefore, a new animal model was
required to study the diverse phenotypic variations and reflect the complex genetic
structure of the human population. Mouse geneticists looked to model the genetic
diversity of recombinant inbred (RI) panels developed to investigate phenotypic
variance in Arabidopsis (164), maize (77; 152), and Drosophila (198). To create an RI
panel, two founder strains are intercrossed and the homologous recombination that
occurs during meiosis results in a mosaic genetic makeup of the progeny strains. The
individual RI strains are then inbred to homozygositiy and genotyped to determine the
location of crossover events. The heterozygosity of the RI panel is determined by the

number of recombination events that occurred between the founder strains. A systems
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genetic, genome wide analysis compares the known genotypes of the RI strains to the
observed phenotypes to identify a quantitative trait locus (QTL), or region of the
chromosome responsible for the variation in the trait of interest (4).

The first murine RI panel was designed by Ben Taylor and colleagues who
intercrossed C57BL/6J (B6) and DBA/2J (D2) mice to create the RI BXD panel (281).
The initial intercross of the founder B6 and D2 strains resulted in 32 unique F1 BXD
strains that were inbred for 20 generations to reach 99% homozygosity. The BXD
strains were identified numerically, BXD1 through BXD32. Later, nine additional BXD
RI strains were added to the panel, BXD33 through BXD42 (282). The BXD stains
were genotyped and extensively analyzed (315). There were a total of 1,848
recombinations in the BXD panel, with an average of 48.1 recombinations per strain.
Although the RI BXD panel was the best genetic tool available to study mammalian
genetics, it was still not possible to fully resolve complex genetically linked traits, such
as the response to infectious disease agents. The number of recombination events was
not great enough and the distance between recombinations was too wide to identify
individual QTLS.

A new complex RI panel, the advanced recombinant inbred (ARI) BXD panel
was developed as a multicenter consortium between Princeton University (Princeton,
New Jersey) and University of Tennessee Health Science Center (UTHSC) (Memphis,
Tennessee) (218). The BXD strains were then transferred to The Jackson Laboratory
(Jackson Labs) (Bar Harbor, ME) for distribution. The advancement of the ARI panel
was that the F1 individuals were randomly intercrossed for 9-14 generations to increase

the number of recombinations, and then the individual BXD strains were inbred for 20
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generations to attain 99% homozygosity (218). The additional intercrosses resulted in
4X the total number of recombinations and 3X the number of unique recombinations.
The ARI BXD strains were added to the original BXD panel as BXD strains 43-103
(218). The genomes of both founder strains, B6 (308) and D2 (47; 307), have been
sequenced and 1.8 million differences, or single nucleotide polymorphisms (SNPs)
were identified. The ARI BXD panel was genotyped in 2005 through collaboration of
the Complex Trait Consortium and The Welcome Trust (256). The ARI BXD panel has
a total of 4,366 recombinations with an average of 82.4 recombinations per strain (256).
Additionally, the average distance between recombinations was reduced compared to
the original RI panel. The BXD strains were genotyped at 13,367 SNPs evenly spaced
over the genome, and 7,636 SNPs were identified as unique markers (256). A subset of
3,795 SNPs differentiate the BXD strains and are primarily used for QTL mapping
(256).

The BXD panel was originally used to study the genetic makeup of physical
characteristics, such as forebrain weight (166), bone density (142), and taste (231).
Addiction response to alcohol (60; 306), cocaine (34; 99), and methamphetamine (96)
has also been investigated. Recently, the BXD ARI panel has been used to explore
genetic traits underlying response to infectious diseases such as influenza (33),
streptococcal sepsis (1; 15), Chlamydia (182) and Ebola (323) infections. A comparison
of the human and murine genome reveals a high degree of similarity (191). Therefore, a
direct translation of findings to humans is theoretically possible when a link is
established between a gene identified through infection of advanced genetic murine

lines and a particular response to that microbe (reviewed in (238; 260)). We thus
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theorize that host genetic factors that impact colonization by O157:H7 in a mouse
model may represent human factors responsible for severe disease. In this study, we
observed a statistically significant difference in colonization levels in the murine
founder strains (B6 and D2) after infection with TUV86-2. The difference indicates the
presence of a potential QTL involved in O157:H7 colonization. Preliminary analysis of
colonization data from 29 ARI BXD strains infected with TUV86-2 suggests that
chromosome 13 may be important; however additional analysis is required to refine or

refute the QTL.
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METHODS
Mice.

All animal studies were approved by the Institutional Animal Care and Use
Committee of the Uniformed Services University of the Health Sciences and were
conducted in strict accordance with the recommendations of the Guide for the Care and
Use of Laboratory Animals (296). Animals were housed in filter top cages with access
to food and water ad libitum unless otherwise noted, in an environmentally controlled
room approved by the American Association for Accreditation of Laboratory Animal
Care (AAALAC). BXD founder strains (B6 and D2) were purchased from The Jackson
Laboratory. We originally obtained BXD strains through a collaboration with
investigators at the University of Cincinnati (UC) who had acquired their BXD
breeding pairs from UTHSC. Thirteen BXD strains (BXD #: 32, 44, 49, 51, 55, 73, 75,
86, 87, 96, 97, 98, 103) were analyzed from UC. Due to contracting issues, the final
BXD strains were acquired from the Jackson Labs colony. Similar colonization levels
between mice from UC and Jackson Labs were confirmed with additional testing of
four BXD strains (BXD #: 73, 83, 87, 103) whose analysis had been completed from
the UC colony (data not shown). Nine BXD strains (BXD #: 45, 48, 61, 62, 66, 69, 70,
84, 100, 101) were tested twice, once from UC and once from Jackson Labs, while five
BXD strains (BXD #: 60, 71, 73a, 99, 102) were only analyzed from the Jackson labs
colony. Female mice, approximately 5-6 weeks, old were used for all experiments. A
minimum of two biological replicates were conducted for each BXD strain. A total of
29 BXD strains have been tested to date, with 321 mice total (BXD strains n = 6-17; B6

and D2 n=48).
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E. coli O157:H7 strains and growth conditions.

Colonization studies with the BXD founder strains (B6 and D2) were conducted
with two EHEC O157:H7 strains: 86-24, an Stx2a positive clinical isolate, and TUV86-
2 an Stx-negative isogenic mutant, created by site directed mutagenesis to inactivate the
stx gene (94; 97; 236). BXD colonization studies were conducted only with TUV86-2.
Both EHEC strains are resistant to nalidixic acid (Nal) and were grown in Luria broth

supplemented with Nal. An overnight culture (~18 h) was pelleted by centrifugation

(5,000 X g) and resuspended 1:100 in phosphate buffered saline (PBS) supplemented

with 20% sucrose.

Intact commensal flora (ICF) infection model.

Colonization levels were determined in the ICF infection model as previously
reported (184). Briefly, food and water were removed from the mice for 20 and 2 hours,
respectively, prior to infection. Mice were fed a high inoculum, approximately 10"
colony forming units (CFU) in 100 pL by pipette tip. Each experiment included three
mice per strain, with six to seven strains total. B6 and D2 strains were included in all
experiments as an internal control for colonization levels. Mice were weighed daily and
colonization levels were reported as CFU per g feces on days one through four post
infection.

To determine the CFU per g feces, mice were placed in individual cages with no
bedding for 30-40 minutes. After this time, mice were returned to their original cage
and fecal pellets were collected, weighed, and resuspended 1:10 w/v in PBS. The fecal
slurry was further diluted 1:10 in PBS and plated on sorbitol MacConkey (SMAC) ager

supplemented with Nal to select for the inoculating strain. The dilution that contained
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between 30-300 colonies was counted to determine CFU per g feces. The limit of

detection for this model is 100 CFU per g.

Preliminary QTL mapping.

Preliminary QTL analysis was conducted on colonization data from the founder
strains (B6 and D2) and the 29 BXD strains analyzed (321 mice total: BXD strains n =
6-17; B6 and D2 n= 48). Mouse age, weight, inoculum dose, and CFU/g feces for each
day post infection were entered into Web QTL (provided by the Gene Network

) and paired with the BXD strain
genotype. WebQTL analyzes the experimental phenotypic data and compares it to the
known genotypes of the BXD strains (52; 305). The program performs regression
analysis to determine the likelihood ratio statistic (LRS) of a QTL at each of the SNPs
tested along the genome (100). To determine the threshold for significance of a
potential QTL, 2,000 permutation tests are conducted (55) to test the null hypothesis
that there are no associations between phenotypic traits and genotypes. The phenotypic
data is randomly shuffled with the known genotypic data, and if the LRS score changes
due to the permutation, there is likely a QTL at that position. The variance of the data
determines the minimum LRS score required for a suggestive or significant QTL. A
QTL can be highly significant (p < 0.001), significant (p <0.05), or suggestive (p

<0.63) (147).
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RESULTS

Statistically significant colonization difference between murine parental strains
infected with TUV86-2.

We used the ICF infection model to determine the colonization levels of two
isogenic EHEC O157:H7 strains in the BXD founder mice. After infection with 86-24,
an Stx2a positive strain, both B6 and D2 mice had an average colonization level of 10°
to 10’ CFU/ g feces on day one post infection (Figure 19A). The colonization levels did
not vary significantly between B6 and D2 over the course of the experiment, as both
murine strains maintained colonization through day four. We next determined
colonization levels of B6 and D2 mice infected with TUV86-2, an Stx negative
isogenic mutant. The initial colonization levels were similar to those after infection
with 86-24, as the geometric mean colonization levels of the founder murine strains
was 10° and 10® CFU/ g feces (Figure 19B). However, a significant difference in
colonization levels developed by day three post infection, such that D2 mice
maintained colonization while B6 mice began to resolve the infection (Figure 19B).

The significant difference in colonization was maintained on day four.
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Figure 19. Colonization levels in BXD parental strains after infection with two
EHEC 0157:H7 strains.
C57BL/6J (B6) and DBA/2J (D2) strains were infected with isogenic
0157:H7 strains 86-24 (Stx2at) (A) or TUV86-2 (Stx-) (B). Individual
colonization levels are depicted as CFU/ g feces over the course of the
experiment. Black bars represent the geometric mean. The difference in
colonization levels between B6 and D2 mice was significant on day 3 and 4
as D2 mice maintained colonization while B6 mice cleared the infection (p

<0.003). n=10
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Colonization differences between parental and BXD strains infected with TUV86-
2,

Since there was a significant difference in the colonization levels of the founder
mice after infection with TUV86-2, we decided to only infect the BXD mice with
TUV86-2. All of the BXD strains tested became colonized with TUV86-2 after oral
inoculation with the organism; indeed, the geometric mean of the initial colonization
levels in the different strains ranged from 10%-10” CFU/ g feces (Figure 20). That the
colonization patterns of the BXD strains differed over the course of the experiment,
suggests that the strains exhibited variable susceptibility to O157:H7 infection. Some
BXD strains, such as BXD 99 and 102, were susceptible and maintained high
colonization levels similar to D2 mice. Other BXD strains, such as BXD 51, 75, 96, and
97, were relatively resistant and displayed a colonization pattern similar to B6 mice.
We noted, however, that some BXD strains, such as BXD 66 and 101 cleared the
infection earlier in the experiment than did B6 mice. There were also BXD strains, such
as BXD 60, 62, 71, 87, and 100 that gained and lost colonization levels over the course

of the experiment.
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Preliminary analysis reveals possible QTL on chromosome 13.

Colonization data from the 321 total mice across 29 unique BXD strains and the
two founder strains was sufficient to generate the statistical power required for
preliminary QTL analysis. We used WebQTL to analyze the data and map potential
QTLs based on CFU/ g feces. We did not obtain a QTL from the colonization data from
day two post infection (Figure 21A). The colonization data from day three post
infection identified two suggestive QTLs, one on chromosome seven and a second QTL
that approached statistical significance, on chromosome 13 (Figure 21B). The potential

QTL on chromosome 13 was also identified on day four post infection (Figure 21C).
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Preliminary QTL mapping.
Preliminary QTLs were mapped based on BXD colonization data from day
two- (A), three- (B), and four-(C) post infection. A total of 29 BXD strains
and 321 mice were analyzed in WebQTL. LRS scores were computed from
permutation tests, and the threshold score for suggestive (grey horizontal
line) and significant (red horizontal line) QTLs were determined: (A)
Suggestive: 9.94, Significant: 15.42; (B) Suggestive: 11.62, Significant:
18.99; (C) Suggestive: 11.37, Significant: 18.34. The chromosome numbers
are annotated on top of the significant QTL line while the specific megabase
location within each chromosome is denoted along the bottom. Two
preliminary, suggestive QTLs (blue peaks) were identified. The first
appeared on day 3 post infection only, located on chromosome 7 (B). The
second suggestive QTL on chromosome 13 approached the significant
threshold on day 3(B), and remained on day 4 (C)
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DISCUSSION

Although the data in this Appendix are preliminary, we have presented evidence
in support of a host factor that augments EHEC O157:H7 colonization levels in mice.
The mosaic-like genetic complexity of the ARI BXD panel provided the diversity
required to map a QTL that may predict if an individual animal will be susceptible or
relatively resistant to O157:H7 infection. The long term goal of this project is to
translate the QTL to human disease and identify a host factor responsible for the
variable disease states observed during EHEC 0157:H7 outbreaks.

We initially determined the colonization profiles of the founder strains after
infection with both, 86-24, an Stx2a positive strain, and TUV86-2, an Stx negative
strain. The statistical power provided by ARI BXD panel is great enough that a
significant difference between the founder strains is not required; however, a difference
increases the likelihood that a QTL exists. Therefore, we decided to only infect the
BXD strains with TUV86-2 to have the greatest chance of identifying such a QTL. Stx
has been reported to affect EHEC colonization levels in traditional mouse models
(236). The decision to proceed with a toxin- negative strain enables us to identify host
factors associated with colonization that may be masked by the effect of Stx. We
believe this is physiologically relevant approach due to the varying degree of disease
severity after infection with an Stx- positive EHEC strain.

Traditionally, the level of colonization in the ICF model on day one indicates
whether infection with that inoculum was successfully established. This establishment
of infection is critical for comparison of colonization levels across multiple
experiments. However, initial low colonization levels of BXD strains may be inherent
to the genetic diversity of the panel and may not indicate a poor infection “take”. The
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BXD founder strains were therefore included in every experiment as an internal
control. Since the initial B6 and D2 colonization levels were consistently within the
expected range (10°-10%), we are confident that the variation in BXD colonization
levels is representative of the genotypic differences. The wide spread in colonization
levels across BXD strains was consistent with the mosaic genotypes of the panel.
Additionally, the cyclical colonization patterns observed with some of the BXD strains
was a phenotype not observed with the founder strains. This observation was further
evidence that the genotypic recombinations of the BXD strains were responsible for
differences in colonization phenotypes. Although the analysis is preliminary, we are
encouraged by the high LRS score of the potential QTL identified on chromosome 13.
That the QTL was identified in the same location of the chromosome on two days
increases our confidence in the presence of a QTL; however, additional experimental

analysis is required to confirm or discount that link.

FUTURE DIRECTIONS

The potential QTL on chromosome 13 is located between megabases 55-85. A
review of the BXD panel identified nine additional BXD strains that have not been
tested in our model and have a recombination event within the identified region. The
next step for this project is to test a subset of those strains to either narrow the
chromosomal region of the QTL or refute the QTL. Once the colonization studies are
complete, final analysis will be conducted in WebQTL. Due to the complexity of host
response to infection, it is likely that multiple interrelated genes or gene systems are
responsible. The BXD model may not have the power required to discern the QTL. If

the chromosomal region is too large, it may not be possible to determine the gene(s)
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responsible and further analysis may be conducted with newer murine panels, such as
the collaborative cross (CC), that have increased statistical power due to an increased
number of recombination events (53; 54; 235; 290; 311). The CC panel was initiated
with eight founder strains, 5 inbred (A/J, C57BL/6 J, 129S1/SvIimJ, NOD/LtJ, and
NZO/H1LtJ) and 3 outbred (CAST/EiJ, PWK/PhJ, and WSB/EiJ)), instead of the two
inbred founder strains for the BXD panel (235). The increased genetic diversity of the
panel has resulted in increased coverage and increased cross-over events. CC mice with
genetic recombinations of smaller lengths in the region of the identified QTL could be
tested in the ICF model to further define the region of interest (54; 115).

Finally, we also plan to infect some of the BXD strains that exhibited lower
colonization numbers with the Stx2 positive 86-24 strain. We found that B6 mice
maintained colonization after infection with 86-24, however colonization began to
resolve after infection with TUV86-2. Therefore, we concluded that B6 mice are
“relatively resistant” to infection by O157:H7 as Stx was critical to that infection. We
want to determine whether the BXD strains are similar to B6 mice and maintain
colonization levels when Stx is present or if an additional colonization phenotype is

identified.
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