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A killed, genetically engineered derivative of a wild-type
extraintestinal pathogenic E. coli strain is

a vaccine candidate
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Abstract

Infections due to extraintestinal pathogenic E. coli (ExPEC) result in significant morbidity, mortality and increased healthcare costs. An
efficacious vaccine against ExPEC would be desirable. In this report, we explore the use of killed-whole E. coli as a vaccine immunogen.
Given the diversity of capsule and O-antigens in ExPEC, we have hypothesized that alternative targets are viable vaccine candidates. We
have also hypothesized that immunization with a genetically engineered strain that is deficient in the capsule and O-antigen will generate
a greater immune response against antigens other than the capsular and O-antigen epitopes than a wild-type strain. Lastly, we hypothesize
that mucosal immunization with killed E. coli has the potential to generate a significant immune response. In this study, we demonstrated
that nasal immunization with a formalin-killed ExPEC derivative deficient in capsule and O-antigen results in a significantly greater overall
humoral response compared to its wild-type derivative (which demonstrates that capsule and/or the O-antigen impede the development of an
optimal humoral immune response) and a significantly greater immune response against non-capsular and O-antigen epitopes. These antibodies
also bound to a subset of heterologous ExPEC strains and enhanced neutrophil-mediated bactericidal activity against the homologous and
a heterologous strain. Taken together, these studies support the concept that formalin-killed genetically engineered ExPEC derivatives are
whole cell vaccine candidates to prevent infections due to ExPEC.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A wide variety of infections continue to be respon-
sible for significant morbidity, mortality and healthcare
costs. The development of new vaccines directed against
the responsible pathogens will help minimize disease and
should be highly cost-effective. Despite a recent emphasis
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on Gram-positive bacterial infections, Gram-negative bac-
terial infections, especially those due to extraintestinal
pathogenic E. coli (ExPEC), continue to be extremely impor-
tant. ExPEC are the most common enteric Gram-negative
organisms to cause extraintestinal infection in the ambu-
latory, long-term care, and hospital settings [1–5]. Typical
extraintestinal infections due to E. coli include urinary
tract infection, diverse intra-abdominal infections, pneumo-
nia, surgical site infection, meningitis, intra-vascular device
infection, osteomyelitis, and soft tissue infections, any of
which can be accompanied by bacteremia and sepsis [6]. Sep-
sis is ranked as the tenth overall cause of death in the U.S.
[7] and by using the conservative estimate that E. coli causes
17% of cases of severe sepsis [1,8,9], severe sepsis due to
E. coli (the leading etiologic agent) was associated with an
estimated 40,000 deaths in 2001.

In the past ExPEC typically have been highly antibi-
otic susceptible, hence readily eradicated with antibiotic
therapy. Unfortunately, this situation has changed recently.
Resistance to trimethoprim-sulfamethoxazole and fluoro-
quinolones has increased [10–12]. In addition, a significant
minority of extraintestinal E. coli isolates from long-
term care facilities and hospitals in the U.S. already have
acquired plasmids encoding extended spectrum �-lactamases
that confer resistance to 3rd generation cephalosporins,
and aztreonam, and frequently contain linked resis-
tance determinants for aminoglycosides, tetracyclines, and
trimethoprim-sulfamethoxazole. Furthermore, the incidence
of serious extraintestinal infection due to E. coli increases
with age [1,13]. As the proportion of elderly patients
increases in the U.S. and other developed countries, so likely
will the number of extraintestinal E. coli infections.

ExPEC are typical extracellular bacterial pathogens.
These strains are inherently resistant to innate host defense
factors such as complement, cationic antimicrobial peptides,
and phagocytosis in the absence of opsonization. Given the
extracellular lifestyle of ExPEC, the development of bacte-
ricidal antibodies should lead to protective immunity [14].
However, despite the peaceful coexistence of extraintestinal
pathogenic E. coli strains with humans (and other mammals
and birds) on the intestinal (+/− the vaginal and oropharynx)
mucosal surface, the host is unable to develop a protective
immune response as a result of colonization. In fact, not only
is the host susceptible to an initial infection in an extrain-
testinal site, but it also is susceptible to recurrent infections
from both homologous and heterologous strains [15]. This
suggests that “natural” ExPEC infection does not always
result in a protective immune response and/or that ExPEC
have evolved mechanisms to subvert an acquired protective
immune response from the host.

Nonetheless, despite the host’s apparent inability to
develop a protective immune response to natural infection,
we hypothesize that a successful immunization strategy can
be developed and used to confer protection against ExPEC. In
animal models, passive or active immunization against cap-
sule, O-specific antigen, and iron regulated outer membrane

proteins have afforded protection against systemic infec-
tion [16–18], and immunization with capsule, O-antigen,
P and type 1 fimbriae, and the siderophore receptor IroN
are protective against urinary tract infection from ExPEC
strains expressing these virulence factors [19–25]. However,
a vaccine based on capsule and/or O-specific antigens is
impractical because of the significant antigenic heterogene-
ity (>80 capsular and >150 O-antigen variants). Although
only a fraction of these capsular and O-antigen variants are
encountered among ExPEC, surface polysaccharides from
ExPEC isolates nonetheless exhibit considerable antigenic
diversity. Further, certain capsular polysaccharides (e.g. K1,
K5) are poorly immunogenic, which has been speculated
to be due to their antigenic similarities to host tissues. In
addition, initial findings from human trials reportedly did
not demonstrate efficacy of immunization with the type 1
fimbrial adhesin FimH against UTI. In contrast, oral immu-
nization with lyophilized extracts of whole E. coli strains
has been used in Europe to prevent recurrent UTI with some
success [26]. Immunization with whole E. coli has certain
potential advantages. First, given that commensal E. coli
and ExPEC are part of the normal human flora, mucosal
immunization with whole organisms will likely be safe. Sec-
ond, utilization of whole organisms has the potential for the
development of bactericidal antibodies to multiple antigenic
targets. Third whole organisms may possess natural adjuvants
[27,28]. Lastly, immunization with whole organisms has the
potential for development of bactericidal antibodies directed
against conformational and linear epitopes.

However, given that natural infection or intestinal colo-
nization does not appear to generate a protective response
against subsequent infection due to homologous and heterol-
ogous ExPEC strains we hypothesize that: (a) these routes of
“natural” immunization do not result in an optimal immune
response and (b) ExPEC may possess virulence factors (e.g.
capsule and O-antigen) that preclude the development of this
response. Despite this, we hypothesize that an alternative
route of immunization with a genetically engineered strain
in which capsule and O-antigen are no longer expressed is
needed for the development of an optimal immune response.
In the study reported here we tested the hypotheses that:
(1) nasal immunization with the wild-type (w.t.) ExPEC
isolate CP9(O4/K54) can be used to generate a humoral
immune response, (2) nasal immunization with formalin-
killed CP9 (w.t.) will generate an immune response that
is similar to that achieved with live CP9, (3) CP9’s sur-
face polysaccharides capsule and the O-antigen moiety of
lipopolysaccharide (LPS) impede the development of an opti-
mal immune response, (4) a similar amount of antibodies
that recognize surface epitopes on CP923 (capsule and O-
antigen minus) will be generated after immunization with live
and formalin-killed CP923, (5) CP923-specific antiserum is
biologically active, and (6) opsonization of either the homolo-
gous parent strain (CP9) or a heterologous ExPEC strain with
CP923-specific antiserum will enhance neutrophil-mediated
bactericidal activity compared to the CP9 specific antiserum.
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