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MEETING SUMMARY:
 
POSSIBILITIES FOR ACTIVE AND PASSIVE VACCINATION AGAINST
 

OPPORTUNISTIC INFECTIONS*
 

RICHARD I. WALKER (Conference Chairman),

THOMAS BLANCHARD, JAN MATTHIAS BRAUN, JOHN J. CEBRA,


ALAN S. CROSS, ALI FATTOM, PAUL J. GIANNASCA,

IAN ALAN HOLDER, J. HUEBNER, RUTH MATTHEWS, GERALD B. PIER,


LUIGINA ROMANI, B.U. VON SPECHT, and MATTHIAS TRAUTMANN

(Conference Faculty)
 

INTRODUCTION 

Opportunistic pathogens present an many years, to date there are no licensed
ever-growing threat to mankind in spite products available for this purpose.
of numerous medical advances. This Based on the results presented at an
event is a consequence of an increase in ISGNAS-sponsored meeting in Her-
bacterial resistance to commonly used born, Germany, June 23-25, 2003, there
antibiotics all over the world as well as a is now reason to hope that this situation
greater survival of individuals immuno- could change. This volume of the Old
compromised by chronic and acute dis- Herborn University Seminar Mono-
eases or injuries. To meet this challenge, graphs constitutes the report of that
the International Study Group for New meeting. The meeting consisted of one
Antimicrobial Strategies (ISGNAS) day of formal reports followed by dis-
took a fresh look at the possibilities for cussion among the conference faculty.
vaccination against opportunistic infec- The major points presented during this
tions. Although this approach to control meeting are summarised below.
these infections has been a goal for 

WHAT IS AN OPPORTUNISTIC PATHOGEN? 

Colonisation of skin and mucosal tic” are those resulting from otherwise
surfaces with microorganisms begins at commensal organisms, either resident or
birth such that a generally beneficial hospital acquired, when the normal state
symbiotic relationship is established that is disturbed by factors which damage
lasts throughout life. The importance of mucosal surfaces or mediate immune 
some members of this microbial com- defects, such as antibiotic use, intrave-
munity is illustrated by research pre- nous catheters, mucosal breakdown or
sented from Dr. Cebra’s laboratory, HIV infection. Dr. Romani suggests
which provides insight into the role of another piece to this equation. Her work
intestinal microorganisms in the devel- with Candida suggests a model where
opment and maintenance of the intestinal changes in the microorganism promote
humoral immune system. Infections an alteration in the response of host
referred to collectively as “opportunis- dendritic cells (DC), which effectively 

————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 801-804 (2004). All references should be made to
the original article. 
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transforms the relationship from a 
commensal state to a disease state. It is 
with this in mind that the term “oppor-
tunistic pathogen” should not only in-
clude the traditional culprits (i.e. Pseu-
domonas, Staphylococcus, etc), but 
other organisms normally colon ising 

host surfaces, such as Helicobacter py-
lori. These observations raise important
unanswered questions about the regula-
tion of the host immune system with re-
spect to the restoration and maintenance
of a commensal state with its microflora. 

USE OF PASSIVELY-ADMINISTERED ANTIBODIES
 

Over 20 years ago the passive infu-
sion of antibodies directed against a
conserved region of the lipopolysaccha-
ride (LPS) of Gram-negative bacteria
was reported to be effective against sep-
sis. This approach was not further de-
veloped, however, as consistent efficacy
was not obtained. At this meeting Dr.
Cross reported that a subunit vaccine 
composed of detoxified J5 LPS com-
plexed to group B meningococcal outer
membrane protein provided both active
and passive immunity and protection in
animal models. A phase I study with this
material showed it to be safe and 
immunogenic. These data suggest that
further studies with this approach are
now warranted. 

Specific prevention of Klebsiella in-
fections by passive immunotherapy has
also received more attention recently.
Dr. Trautmann’s report focused on the
generation of O serogroup-specific an-
tisera in animals. O antigen specific an-
tibodies were able to opsonise non-en-
capsulated Klebsiella strains, while fully
encapsulated bacteria were resistant 
against O antibody-mediated opsonisa-

tion. In vivo experiments, however,
demonstrated a prophylactic effect on
Klebsiella bacteraemia in mice. Dr. 
Trautmann’s work suggests that O anti-
gen-specific antibodies may be useful to
supplement K antigen-specific hy-
perimmune globulins for passive im-
munoprophylaxis of Klebsiella infec-
tions. 
In another approach involving passive
immunisation, Dr. Matthews reports that
recombinant antibodies can be used 
synergistically with an antimicrobial 
agent to control disease. Her work 
showed that patients with invasive can-
didiasis, being treated with amphotericin
B, showed a close correlation between
recovery and antibody to the immuno-
dominant heat shock protein 90. Human
recombinant antibody to this protein has
synergistic antifungal activity with am-
photericin B and is now the subject of a
clinical trial. The combination of antimi-
crobial agents and specific antisera 
against other opportunistic pathogens
merits examination as a strategy to better
control infection. 

CANDIDATES FOR ACTIVE VACCINATION AGAINST
 
OPPORTUNISTIC PATHOGENS
 

Progress has also been realised to-
wards the goal of active immunisation
against many of the major opportunistic
pathogens. This approach is facilitated
by the facts that compromised patients 

respond immunologically to active vac-
cination and the fact that 65 percent of
surgeries are elective, which would indi-
cate that at-risk populations could be
identified for vaccination. Further reason 
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for optimism with this approach is the
discovery and application of new 
antigens and techniques, particularly
conjugate vaccine technology.

Pseudomonas aeruginosa is an op-
portunistic pathogen responsible for
often life-threatening complications.
Based on an extensive number of ap-
proaches that have been studied to vac-
cinate against this pathogen, reviewed in
Dr. Holder’s presentation, it is now 
possible to begin to focus on pseudo-
monas antigens that seem most prom-
ising. Of these, the type III translocation
protein (PcrV), LPS-O-polysaccharide,
OMP and flagellar antigens are note-
worthy. In fact, Dr. von Specht de-
scribed a recombinant OMP vaccine that 
was safe and immunogenic in burn pa-
tients. New data from others show that 
O antigen or capsular polysaccharide
could offer useful vaccine antigens for
Escherichia coli and the polysaccharide-
based vaccine approach may also be ap-
plicable to development of a vaccine 
against Cryptococcus.

Polysaccharide conjugate vaccines
also offer a promising approach for vac-
cines against Gram-positive organisms.
Dr. Fattom reported clinical trial results
with a capsular polysaccharide vaccine
against Staphylococcus aureus capsular
types 5 and 8, which together comprise
over 80% of the clinical isolates world-
wide. A trial with this vaccine in haemo-
dialysis patients found that efficacy
could be observed at 40 weeks post im-
munisation as vaccination reduced the 
number of staphylococcal bacteraemias
by 57%. Dr. Pier reported that the genes
for biosynthesis of certain capsular
polysaccharide adhesins of S. aureus,
the poly-N-acetyl glucosamine (PNAG)
molecules, are present in virtually all
strains of this pathogen. Immunisation
of mice with PNAG elicited opsonic and
protective antibodies against multiple
isolates of staphylococcus. High titred
opsonic antibody was produced to mul-

tiple strains of S. aureus and S. epider-
midis when this antigen was coupled
with diphtheria toxin to produce a con-
jugate vaccine. 

Enterococci are one of the most 
common causes of hospital-acquired
infections and many strains have devel-
oped resistance to all known antibiotics.
Dr. Huebner’s group has found that
enterococci also possess polysaccha-
ride-containing capsules with features of
teichoic acids, which may provide vac-
cine candidates. One of these polysac-
charides is expressed by both E. faecalis 
and E. faecium and the antigen is a 
target for opsonic antibodies. Rabbit
antibodies raised against this purified
polysaccharide were effective as a thera-
peutic agent in mice even when the ad-
ministration of antisera was initiated up
to 48 hours after challenge with live
bacteria. Dr. Fattom’s group has also
been looking at the possibility of poly-
saccharide conjugate vaccines for en-
terococcus. Their vaccine polysaccharide
is conserved on the surface of most 
enterococcal isolates and antibodies to it 
mediate in vitro opsonic killing and in
vivo protection against E. faecalis chal-
lenge.

Clostridium difficile is a major cause
of hospital-acquired infectious diarrhoea
and colitis following antibiotic admini-
stration and subsequent loss of the pro-
tection afforded by intestinal flora. Dr.
Giannasca reported that a toxoid vaccine
being evaluated in the clinic is well tol-
erated and very immunogenic. Anti-
toxin A IgG titres were found to far ex-
ceed the level associated with protection.
The utility of the vaccine to generate a
hyper-immune globulin for passive
protection in acute care settings remains
to be determined. 

Its possible that in some cases com-
mensal bacteria with cross-reactive anti-
gens to those of a pathogen may be ex-
ploited for immunisation. Dr. Braun 
showed that both Neisseria lactamica 
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and Moraxella catarrhalis isolates 
bound antibodies to epitopes on the-
meningococcal LPS (epitopes associated
with L3,7,9). His studies provided
evidence that blood group like glyco-
conjugate antigens found on some 
commensal species might be involved in
natural immunity to meningococcal en-
dotoxins during childhood. It should be 

considered that natural antibody to 
commensal opportunistic pathogens
may benefit the response to specific
vaccination. Such a vaccine could in es-
sence be viewed as a booster inocula-
tion. In the future, immunomodulatory
techniques could be developed which
could also boost natural antibodies of 
interest. 

IMMUNE RESPONSES TO OPPORTUNISTIC PATHOGENS
 

Evidence obtained with most bacterial 
opportunistic pathogens shows the im-
portance of circulating antibodies in
protection. Although many of the or-
ganisms colonise normal mucosal sur-
faces, it was noted that the problem
arises when the host defences are altered 
such that the organisms get to other sites
they do not usually inhabit (i.e. the
bloodstream). Further, since it is diffi-
cult to dislodge organisms when they
exist in a commensal mode on mucosal 
surfaces (i.e. nasal carriage of S .  
aureus), induction of circulating op-
sono-phagocytic antibodies rather than
local immunity offers the most promis-
ing strategy for immunological control
of bacteraemia. As indicated above, nu-
merous antigen candidates are now 
available to induce protective immune
responses against opportunistic patho-
gens. The search for conserved protec-
tive antigens is an important element of
this vaccination strategy because of the
relatively large number of pathogens
under consideration and the many se-
rotypes which might be clinically rele-
vant. It is not known at present whether
common antigens will provoke sufficient
immunity compared to type-specific
immunity. Combined vaccines for a 
number of major opportunistic patho-
gens, such as those described here,
should be sought in the future. Whether
immunologic interference will be a 
problem in vaccine combinations re-

mains to be determined. 
A better understanding of the rela-

tionship between antibody responses to
specific pathogens and protection is
needed. This information will be re-
quired as vaccines move toward licen-
sure. For example, what comprises a
surrogate marker for protection? Is a
calculated protective antibody level a
reasonable surrogate marker for protec-
tion and equivalency measure in other
populations than the one in which an
efficacy trial was run? Perhaps in vitro
functional equivalency could be used to
make the case of antibody levels 
equivalency more acceptable as a surro-
gate marker. In vivo protection studies in
animals may be able to help interpret the
significance of antibody responses. A
difficulty here is the need for an animal
model which closely mimics the 
population expected to develop an in-
fection. 

H. pylori colonises about half of the 
human population and, for as yet un-
known reasons, in some, is associated
with symptomatic gastritis, peptic ulcer
disease and an increased risk for gastric
adenocarcinoma. This opportunistic
pathogen may differ from the others
considered in this meeting because cel-
lular immunity seems to be the key to
control rather than humoral immunity.
Dr. Blanchard proposed a model of H. 
pylori pathogenesis in which the patho-
gen induces local inflammatory and 
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immune responses that are limited by a
population of regulatory T cells in the
stomach. Consequently, immunisation
might be better achieved by activation of
H. pylori-specific T cells in peripheral
lymph nodes that are capable of pro-
moting either a qualitatively or quantita-
tively different inflammatory response
when recruited into the stomach. 

Dr. Romani suggested, based on her
work with opportunistic fungi, that op-
timally effective immunities may be 
achieved by targeting specific receptors 

on dendritic cells in vivo. Her studies 
showed that DCs phagocytose fungal
components through distinct recognition
receptors which translated into disparate
downstream signalling events, ultimately
affecting cytokine production and co-
stimulation. This was responsible for Th
polarisation of patterns of susceptibility
or resistance to infection. Her research 
also found that DCs transfected with 
fungal RNA restored antifungal resis-
tance in haematopoietic transplantation. 

APPLICATION OF EMERGING TECHNOLOGIES TO IMMUNOLOGIC
 
CONTROL OF OPPORTUNISTIC INFECTIONS
 

Current vaccine candidates in ad-
vanced development for opportunistic
pathogens are relatively immunogenic,
but new developments in immuno-
modulation deserve consideration for 
future use. For example, adjuvants such
CpG ODN and delivery systems such
as poly glycolide poly lactide micro-
spheres or attenuated bacterial vectors 
such as Listeria monocytogenes now on 
the horizon may be able to reduce the
number of doses (i.e. 3 doses to one) of
vaccine needed or accelerate or enhance 
the development of protective titres or
other immune responses. These types of
techniques could be useful in certain
groups of immunocompromised indi-
viduals or could help overcome possible
interference among multiple components
of a vaccine for opportunistic infections.
The recognition, for example, of the
possible benefit of increased expression 

of FcγR and the importance of Toll like
receptors and dendritic cells in 
determining immune responses should
lead to research which will enable better 
immune regulation through vaccination.
The potential options for better, more
directed, immunomodulation may make
the current term “adjuvant” obsolete.
Already the observation that subcutane-
ous immunisation is better than the in-
tramuscular route for inducing immune
responses may be an example of ex-
ploitation of the DC in the skin. Future
manipulation involving DCs may involve
direct loading of antigens into the cells
in vitro or targeting them in vivo. The
possibility that non-specific modulators
of the innate immune system could be
used in combination with vaccination 
regimens is yet to be explored. Further,
antigens themselves may be modified to
modulate different immune responses. 

THE CHALLENGE OF CLINICAL TRIAL DESIGN
 

It is possible that paradigms appro-
priate for paediatric and adult vaccines to
be administered to healthy persons may
need re-evaluation for immunisation 
against opportunistic infections. The 

duration of efficacy may need to be 
considered carefully in the evaluation of
vaccines for people in various compro-
mised states. Further, thought must be
given to determination of whether effi-
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cacy in one population can serve as 
proof of concept for the approach to-
ward similar infections in other patient
groups at risk, which are immunologi-
cally and physiologically equivalent or
better than the indicated population. This
question may become particularly
important for patient populations, which
are rare. A question, which may apply to
all vaccines, is what clinical studies 
would be necessary to support the addi-
tion of an antigen component to a vac-
cine after licensure? For example, if a
third polysaccharide element is added to
a bivalent vaccine to increase coverage
by the vaccine, would a second phase III 

efficacy trial be required? Considerable
discussion will be necessary to deter-
mine what data are required for licensure
of such a second generation vaccine.
Another complication of trial design
involves the need to maintain antibiotic 
treatment in all trial groups, yet show a
statistically significant in groups given
the vaccine also. The meeting faculty
observed that improved discussion of
preclinical and clinical testing ap-
proaches among government, academic
and industrial entities would be essential 
to address practical vaccine development
issues such as these. 
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SUMMARY 

Although mechanisms operative in the induction and maintenance of
specific, adaptive immunity, including ‘cognate’ B/T interactions, have
been extensively studied and defined, we still know little about the
mechanisms operative in developing and maintaining B- and T-cell de-
pendent ‘natural’ immunity. Particularly, we are still rather ignorant
concerning gut microbial/gut or systemic APC, T cell and B cell interac-
tions that lead to lymphoid cell mediated ‘natural’ immunity: Specific or
broadly reactive, activation via TCR and BCR and/or via other receptors
such as the TLR series, and whether T/B interactions are operative at
this level? Here we will address: 1) the general role of gut microbes in
the development and maintenance of the intestinal, humoral immune
system; 2) the general role of gut microbes in the development of B1
cell mediated, ‘natural’ gut IgA and the dependence of these B1 cells on
bystander T cell help; 3) the relative contributions of B1 vs. B2 cells to
gut ‘natural’ and specific IgA responses; 4) the role for particular
‘normal’ gut microbes in the initiation of inflammatory bowel diseases
(IBD) in mice with a dysregulated immune system; and 5) the possible
roles of gut microbes in facilitating oral tolerance, a mechanism likely
operative in forestalling or ameliorating IBD. A central theme of this
paper is to attempt to define the specificities of activated, functional
CD4+ T cells in the gut for Ags of particular, usually benign gut mi-
crobes. We will also consider the still-unresolved issue of whether the 
contributions of B1-derived IgA in the gut to the ‘natural’ Ab pool are
Ag-selected and driven to proliferation/differentiation or whether the
main stimuli are not via BCRs but rather other receptors (TLRs, etc.).
The main experimental approach has been to use antigen-free, germ-
free, or gnotobiotic (mono- or oligo-associated with precisely known
bacterial species) mice. 

INTRODUCTION 

This overview aims to address the bers of the gut microbiota with B-cells
interactions of normally benign mem- and T-cells of the mammalian host. We 

————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 805-811 (2004). All references should be made to
the original article. 
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will mostly consider those host cells lo-
cated in inductive sites for development
of gut mucosal immunity — Peyer’s
patches (PP), solitary follicles (SF) — 
and effector sites in the gut-lamina pro-
pria (LP), inter-epithelial leukocyte
(IEL) spaces. Although mechanisms
operative in the induction and mainte-
nance of specific, adaptive immunity,
including ‘cognate’ B/T interactions,
have been extensively studied and de-
fined, we still know little about the
mechanisms operative in developing and
maintaining ‘systemic’ or mucosal 
lymphoid cell-dependent ‘natural’ im-
munity. Our main experimental ap-
proach has been to use antigen-free,
germ-free, and gnotobiotic (mono- or
oligo-associated with precisely known 

bacterial species) mice. For a compre-
hensive review of this field see Cebra et 
al. (1999). The intent of this overview is
not to offer specific, practical sugges-
tions for developing effective mucosal
vaccines for particular nosocomial or
opportunistic pathogenic bacteria that
infect via mucosal surface. Rather, we
aim to inform vaccinologists concerning
how the gut mucosal immune system
generally responds to enteric microbes
and raise appreciation for the role of in-
nocuous gut colonisers in possibly
ameliorating particular infections via
stimulation of the ‘natural’ gut mucosal
immune system, i.e. the possible use of
probiotic microbes as a complement to
specific immunisation. 

FINDINGS AND CONCLUSIONS
 

The role of benign gut microbiota in
the development and maintenance of
the humoral immune system; effects
of gut IgA on the colonising bacteria

The main basis for implicating the
‘normal’ gut microbiota in the devel-
opment and maintenance of gut IgA
production comes from comparing anti-
gen-free or germ-free mice with con-
ventionally reared mice. Adult conven-
tional mice have a plethora of IgA plas-
mablasts in the gut LP. A majority of all
the productive plasmablasts in the entire
body is found in the gut. Neonates show
a lag in the outgrowth of these cells until
weaning. There is a paucity of IgA
plasmablasts in gut LP of adult antigen-
free or germ-free mice. Thus, normal
colonisation of the gut with benign,
commensal microbes is accompanied by
the rapid rise in IgA plasmablasts in the
gut LP.

Since PP have been implicated as in-
ductive sites for the generation of IgA-
committed B cells (Craig and Cebra,
1971), we decided to assess the effects 

of mono-associating germ-free mice
with a benign mouse commensal, Mor-
ganella morganii (Gram-negative rod)
on activating germinal centre reactions
(GCRs) in PP. Such GCRs generate
IgA committed, specific B cells in im-
munocompetent mice. While conven-
tionally reared mice contain PP exhibit-
ing chronic GCRs, the PPs of germ-free
mice are quiescent and lack B-blasts.
Our findings (Shroff et al., 1995) were:
(a) that GCRs in PP waxed and waned
over 10-28 days post-colonisation and
remained quiescent up to 314 days, even
though the gut bacterial load was >108 

CFU/g; (b) in order to relate the GCRs
stimulated by M. morganii colonisation 
to both ‘natural’ and specific IgA pro-
duction in the gut, we used a tissue 
fragment culture assay that permits
quantisation of IgA produced in PPs
and in each segment of gut (duodenum,
jejunum, ileum, caecum, large intestine)
following microbial colonisation (see
Figure 1). This assay avoids enzymatic
degradation of IgA in the intact gut, 
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Figure 1: Assessment of humoral immune responses in GALT (gut associated lymphoid tissues)
by organ fragment cultures. 

variable dilution of IgA by gut fluids,
and aggregation of different IgA mole-
cules with mucin (see Logan et al., 
1991). Our findings were that total 
(‘natural’) IgA production in the gut
and PPs rose from very low levels in
tissue fragment cultures from germ-free
mice to about 20-25% of that from con-
ventionally-reared mice within 14 days
and remained at that level for >54 days,
although GCRs in PPs had disappeared.
Further, the microbial specific IgA Abs
also rose to about 5% of the total IgA
being produced over the same time pe-
riod. As expected, plasma cells giving
ELISPOTS vs. bacterial Ags also rose
and these persisted for >314 days de-
spite the cessation of GCRs in PPs; (c)
the chronically colonising M. morganii
became ‘coated’ with IgA, as detected
by FACS analysis, by day 14 and this
coating persisted >314 days without any
apparent effect on the persistence of the
microbe in the gut; (d) M. morganii that 
had translocated were cleared from both 

the spleen (58 days) and MLN (208
days), although they continued to persist
in gut lumen in high numbers (>108 

CFU/g). Thus, the chronically present
GCRs in conventionally reared mam-
mals cannot simply be accounted for by
persistence of the bacteria. Likely, as
will be supported below, the specific IgA
Abs provide a shield to exclude bacterial
products of a particular coloniser and
consecutive exposure to ‘novel’ 
colonising bacteria is required to 
maintain the chronic GCRs in PP. 
Further, coating of gut bacteria by IgA
did not seem to compromise their reten-
tion in the gut, at least when they were
the sole colonisers. Of course, specific
IgA Abs vs. microbial antigens respon-
sible for attachment to and translocation 
across the gut epithelium, especially of
frank and opportunistic enteric patho-
gens, may interfere with these processes.
Likely most ‘natural’ and specific IgA
Abs reactive with surface Ags of all gut
bacteria may have little qualitative effects 
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on persistence of bacteria in the gut.
Quantitative effects on bacterial 
persistence vis a vis other microbial 
competitor have yet to be accurately
evaluated in gnotobiotic hosts.

Another benign gut colonising bacte-
ria is ‘segmented filamentous bacteria’
(SFB). SFB colonisers of mammals 
were first comprehensively studied by
Davis and Savage (1974) and their rela-
tionship to members of the genus Clos-
tridia was shown using comparative 16S
RNA analyses by Snel et al. (1995). 
These SFB are obligate anaerobes,
Gram-positive, not-cultivatable, spore
forming, segmented, gut bacteria which
are major colonisers of the mammalian
gut from weaning to puberty. Their
ability to persist in the terminal ileum
depends on use of a ‘holdfast’ segment
to attach to the brush border of epithelial
cells (ECs). Colonisation of formerly
germ-free mice with SFB results in a
rise in ‘natural’ IgA to about 2/3 of the
level found in conventionally reared
mice. This is the greatest rise induced by
mono-association observed using any
one of six other gut-colonising bacteria
(Talham et al., 1999). However, only
about 1% of this total IgA can be shown
to be specifically reactive with the Ags in
SFB sonicates (Talham et al., 1999).
The GCRs in PP also wax and wane 
after SFB colonisation, however, the
GCRs in PPs can be re-activated by
super-colonisation with another gut
commensal, M. morganii, at day 113.
Subsequently, within 10 days specific
IgA Abs can be detected reactive with M. 
morganii and these persists >80 days
after secondary colonisation. Thus, the
chronic presence of GCRs in the PPs of
conventionally reared mice is likely due
to continuous exposure to novel and 
ever changing members of the gut
microbiota. 

Each of seven different gut colonis-
ing bacteria, when used to mono-associ-
ate germ-free mice, resulted in its own 

characteristic level of total IgA produc-
tion at steady state and its own charac-
teristic proportions of demonstrably
specific IgA Abs (1-15%) (Bos et al., 
2001).

Several other principles have emerged
from using SFB to mono-associate 
mice: (a) the immune responsiveness of
both nursing dam and pups can 
determine the numbers and sites of 
colonisation of SFB (Jiang et al., 2001).
By crossing immunocompetent mice
with severe-combined immunodeficient 
(SCID) mice, and then back-crossing
the F1 mice to male or female parental
SCID mice, we obtained four groups of
germ-free offspring: Immunocompetent
(+/-) pups with either immunocompetent
(+/-) or SCID (-/-) mothers and SCID
pups with either immunocompetent (+/-) 
or SCID (-/-) mothers. Pups with 
immunocompetent mothers showed a 
delay in gut colonisation with SFB,
compared with pups from SCID moth-
ers. If the pups were SCID (-/-), the
eventual SFB colonisers persisted in the
small intestine for the length of the ex-
periment (70 days post partum). But if
the pups were themselves immunocom-
petent (+/-), they cleared the SFB from
small intestine 30-35 days post partum.
The immunocompetent dams also pro-
longed the time to activate gut produc-
tion of IgA by pups (if +/-, immuno-
competent) compared with immuno-
competent pups of SCID mothers. We
suspect that suckled maternal and ac-
tively produced neonatal IgA Abs can
forestall or prevent colonisation of small
intestine by blocking the essential 
‘holdfast’/EC brush border interactions;
(b) the diet can dramatically influence
the level of gut colonisation by a single
species of bacteria. SFB was used to
mono-associate immunocompetent
germ-free mice. After 20-30 days of
colonisation and ingestion of conven-
tional chow, groups of mice were split
and half of each group was switched to a 
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chemically defined, elemental diet 
(Pleasants et al., 1986). SFB colonisa-
tion of the gut was monitored as well as
IgA output in the various parts of gut.
Within 5-13 days after switching to a
chemically defined diet, almost all SFB
disappeared from all sections of gut.
Within 13 days, IgA output, relative to
that of litter mates continuing on a con-
ventional diet, dropped to about 1/3 and
remained at that relative level for 55 
days, when the experiment was termi-
nated (Thurnheer et al., unpublished).
Thus, some gut colonising bacteria are
unable to survive alone in the presence
of a chemically defined diet. The IgA
levels rapidly dropped after switching to
a chemically defined diet, either as a re-
sult of removal of SFB or because of the 
change in diet. Nevertheless, these
observations suggest at least two subsets
of IgA plasmablasts in the gut, differing
in turnover time. 

These latter findings, made using
mono-associated hosts, may be ex-
trapolated to attempts to orally vaccinate
premature and full term human neonates
vs. nosocomial or opportunistic patho-
gens. Neonates born of mothers effec-
tively exposed to such pathogens may
offer passive protection to their off-
spring via specific IgA Abs in milk but
also forestall effective active immunisa-
tion with mucosal vaccines. Artificial 
diet formulae may be inadequate for the
outgrowth of a potential probiotic gut
microbe that may ameliorate such noso-
comial or opportunistic infection. 

The role of B1- vs. B2- cell subsets in 
gut mucosal IgA production; the
dependence of IgA production by B1
cells on bystander T cell ‘help’ and
the specific reactivity of CD4+ T cells 
locally with gut microbial Ags

In a number of mammals, B cells can
be divided into B1 and B2 cell subsets: 
B1 cells generally are surface 
IgMhigh/IgDlow and many are CD5+ and 

Mac1+;  B2 cells are surface 
IgMlow/IgDhigh and are negative for CD5
and Mac1. In the adult mouse most B1 
cells are localised in peritoneal and pleu-
ral cavities. These cells exhibit local self-
renewal and do not depend upon
replenishment from bone marrow stem
cells. The B1 cells exhibit multi-reactiv-
ity with a variety of bacterial and auto-
antigens and both B1-derived IgM and
IgA express germ-line encoded V-genes
with few point mutations and no evi-
dence of ‘affinity maturation’ (Bos et 
al., 1996). B1 cells are not found in PPs
or peripheral lymph nodes (PLN). They
account for the majority of ‘natural’ 
IgM in the circulation but their contri-
bution to gut IgA, although demon-
strated, has until recently not been 
quantitatively defined in physiologically
‘normal’ mice. 

Our first indication that B1 cells 
might benefit from or require bystander
T cell ‘help’ came from efforts to de-
termine whether B1-derived gut IgA
could be stimulated vs. intestinal murine 
rotavirus (EDIM strain), and neutral-
ise/clear this multi-determinant Ag with-
out T cells (Kushnir et al., 2001). SCID
mice become chronically infected with
rotavirus in intestinal ECs, and shed viral
Ag in their faeces. We found that
transfer of unfractionated peritoneal
cavity cells, B1 cells plus CD4+ T cells, 
or CD4+ T cells alone would result in 
cessation of viral shedding, but B1 cells
alone did not. Transfer of peritoneal
cavity cells to infected SCID mice re-
sulted in viral specific IgA production in
the gut but transfer of B1 cells alone did
not. However, transfer of both types of
cells resulted in appreciable expression
of ‘natural’ IgA in the gut. Examination
of cells from recipient mice 8-10 weeks
after cell transfer to infected SCID mice 
showed, surprisingly, that transferred,
FACS-purified B1 cells also resulted in
the appearance of appreciable CD4+ T 
cells in peritoneal cavity and gut LP. Fi-
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nally, experiments using congenic IgA
allotype-different donors and exchange
of B1 cells added to B1-depleted perito-
neal cavity cells, showed that the allotype
of specific, anti-viral IgA Abs was 
almost exclusively that of the non-B1
cell donor (i.e., likely the product of B2
cells). Thus, we concluded that B1 cells
could not produce effective IgA anti-ro-
tavirus Abs, and suspected that their
production of ‘natural’ IgA might de-
pend on the outgrowth of CD4+ T cells,
contaminating the FACS-purified B1
cells. Since we transferred only 2 x 105 

FACS-sorted cells, we reckoned that the
purification could only have left about
one to two thousand contaminating T
cells, but that these expanded extensively 
over 8-10 weeks in vivo. Since we 
suspected that our cell inoculum size
was ‘borderline’ with respect to con-
taminating T cell content, we transferred
this dose of FACS-purified T cells into
a large number of conventionally reared
SCID recipients (Jiang et al., submit-
ted). We found expression of gut IgA in
some but not all recipients, and the level
of IgA production after 8 weeks was
nicely correlated with the occurrence and
extent of CD4+ T cell outgrowth in
peritoneal cavity and spleen. Although
B1 cells have been found not to require
or benefit from Ag-specific, cognate,
CD4+ T cell ‘help’, we suspected that
they might benefit from bystander T cell
‘help’, possibly developed locally in gut
LP in response to microbial Ags.

To address these issues we prepared
B1 cells at greater purity by treatment of
donor peritoneal cavity cells with anti-
Thy1 plus complement, and then sorting
for B1 cells and against CD4+ T cells. 
Such further purified B1 cells, upon
transfer to conventionally reared SCID
mouse hosts, showed repopulation of
the recipient mice with B1 cells but not
T cells. Addition of graded doses of
FACS-purified CD4+ T cells (0-2 × 105)
to these B1 cells (2 × 105) resulted in 

increasing expression of ‘natural’ gut
IgA in conventionally reared SCID mice,
8-10 weeks after transfer. A role for gut
microbial Ags in this phenomenon was
shown by cell  transfer into 
conventionally reared and germ-free
SCID mice: Neither B1 cells nor 
unfractionated peritoneal cavity cells
gave rise to appreciable gut IgA produc-
tion in germ-free mice, although the
peritoneal cavity cells resulted in a ro-
bust (app. 80% of intact, conventionally
reared BALB/c mice) gut IgA produc-
tion in conventionally reared mice (Jiang
et al., submitted for publication).

To test whether CD4+ T cells of a 
specificity irrelevant to that of B1 cells
could provide the bystander ‘help’ nec-
essary for gut IgA production and
whether activation/stimulation of these T
cells was necessary, we used mono-
clonal DO11.10 T cells (ovalbumin
peptide/class IId specific transgenic mice
crossed onto a RAG-2 -/- background).
If the DO11.10 T cells were activated in 
vivo in the donors by giving OVA in
drinking water, they facilitated gut IgA
production upon co-transfer with B1
cells in conventionally reared but not in
germ-free SCID mouse recipients. This
observation suggested that ‘activated’
CD4+ T cells could provide bystander
‘help’ but that B1 cells also needed
some sort of gut microbial stimulation.
If the DO11.10 T cells were taken from 
quiescent donors (no OVA given to do-
nors), they would facilitate gut ‘natural’
IgA expression by B1 cells in conven-
tionally reared SCID mice only if OVA
was administered via drinking water to
recipients (Jiang et al., submitted).

To determine whether mono-associ-
ated SCID mice could provide the nec-
essary CD4+ and/or B1 cell stimulation
for gut IgA production, we transferred
CD4+ T cells plus B1 cells from con-
ventionally reared donors into Bacteri-
odes distasonis colonised recipients. 
Neither 2 × 105 B1 cells alone nor B1 
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cells with either 2 × 103 or 2 × 105 

CD4+ T cells resulted in appreciable gut
‘natural’ IgA production, but transfer of
unfractionated peritoneal cavity cells did.
We think it likely that B2 cells in
peritoneal cavity, benefiting from the
‘help’ of accompanying T cells, ac-
counted for the IgA production. How-
ever, if the co-transferred CD4+ T cells 
were from SFB-mono-associated do-
nors, they did provide the ‘help’ re-
quired by B1 cells from conventionally
reared donors to produce ‘natural’ IgA
in the guts of SFB mono-associated 
SCID recipients (Jiang et al., submit-
ted).

We conclude that: (a) B1 cells benefit
from ‘bystander’ CD4+ T cells in the 
gut in order to develop into IgA plasma
cells (IL-5, IL-6, IL-10, TGFβ, etc., 
LKs); (b) the CD4+ T cells must be 
locally activated by specific Ag in their
gut locale — these Ags normally appear
to be microbial Ags. The specificities of
the T cells are likely unrelated to those
of the B1 cells benefiting from 
‘bystander’ help; (c) although the 
presence of colonising gut microbes 
seems to be required for the B1 to 
plasmablast transition in the gut, we have
no evidence of Ag-specific selection and
stimulation of these B1 cells. Possible 
‘activating’ molecules include microbial
Ags, microbial mitogens (LPS,
peptidoglycan, CpG, etc.) and the 
activation may be via BCRs, toll-like re-
ceptors, or both.

Finally, the strong effect of gut mi-
crobial stimulation on T cell outgrowth 
can be shown by comparing fluoro-
chrome (CFSE)-labelled CD4+ or 
CD8+ T cells into conventionally reared
vs. germ-free SCID mice. ‘Homeostatic
proliferation’ generally leads to the 
rapid expansion and populating of lym-
phoid tissues in conventionally reared
SCID mice but transfer of T cells into 
germ-free SCID mice dramatically di-
minishes their outgrowth, as judged by 

only minimal decrease in fluorescence
intensity of the transferred cells (Surh et 
al., unpublished).

In an effort to estimate the relative 
contributions of B1 vs. B2 cells to 
‘natural’ IgA and to specific anti-mi-
crobial IgA Abs we designed a nearly
physiologically normal model (Thurn-
heer  et al., 2003): Using germ-free
newborn pups of the Igha allotype, we
suppressed the dissemination of B cells
from the bone marrow by giving bi-
weekly injections (10 total injections) of
anti-IgMa beginning at day 1 post par-
tum. On day 3 we injected 2 × 106 

peritoneal cavity cells, containing about
0.8 × 106 B1 cells, from an adult C.B17 
Ighb congenic donor. After 8 weeks, we
tested for ‘balanced’ chimerism and 
then mono-associated such mice with 
SFB, M. morganii, or B. distasonis. Ex-
amination of peritoneal cavity cells at 8
weeks showed that most germ-free mice
were balanced chimeras, with almost all
B1 cells from the donor and almost all 
(80-85%) B2 cells from the recipient.
These mice were also balanced chimeras 
functionally, as about half of the circu-
lating IgM was donor derived and half
from host cells over a period of 70 days
after colonisation with either of the three 
gut microbes. Following bacterial colo-
nisation, the GCRs waxed and waned in
PPs, indicating a local B2 cell response.
Periodic analysis of gut tissues over 70
days following colonisation indicated
that <10% of the ‘natural’ or bacteria-
specific IgA was derived from the B1
cell donor. Thus, in these neonatal,
germ-free, chimeric mice, with no known
impairment of their T cell system, most
of the intestinal IgA seems to be of B2
cell origin. As shown above, at least
some of the gut IgA is reactive with
normal members of the gut microbiota.
Macpherson et al. (2000) have shown
that anti-microbial IgA can be stimulated
in TCR (-/-) mice, with no functional T
cells. Since we have shown that B1 cells 
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seem to require ‘bystander’ CD4+ T cell 
‘help’, what may be the origin of the
anti-microbial gut IgA Ab that arises in
TCR (-/-) mice? We have shown that
oral infection with reovirus, an Ag with
repeating determinants, of TCR (-/-)
mice results in some anti-viral IgA Ab
(Zuercher et al., unpublished). Unlike
the response in W/T mice, this Ab is
insufficient to clear the virus. However,
the infection does result in a vestigial
GCR in PPs, likely due to limited pro-
liferation of B2 cells. We suggest that
this modest B2 cell expansion, in the
absence of a cognate T cell interaction,
does not result in affinity maturation of
B2 cells that develop few if any progeny
with mutated, expressed Ig V-genes ex-
cept that B2 responses may occur in
GCRs while B1 responses may not. 
Both responses require bystander
‘help’, provided by otherwise activated
CD4+ T cells or dendritic cells (either
interdigitating or follicular). Considera-
tion of these possibilities may be rele-
vant to raising protective Abs vs. many
microbial Ags expressed by nosocomial
and opportunistic mucosal pathogens.
Possibly, combination of subunit vac-
cine and polyclonal stimuli-particularly
those that interact with both B- and T 
cells via toll-like receptors-may provide
an effective combination of ‘natural’ 
and specific immune responses. 

The role of particular members of
the gut microbiota and host T cells
in the initiation, development, and
control of inflammatory bowel dis-
ease (IBD): The possible relation-
ship of controlling (Trl) T cells to
those mediating oral tolerance

In the past 10 years, a number of 
animal models for human IBD have 
been developed. Most of these utilise
conventionally reared rats or mice, which
exhibit some sort of dysregulation or
imbalance of their immune systems.
One well-studied mouse model involves 

the transfer of CD4+, CD45RBhigh T 
cells into conventionally reared SCID
mice. The recipients usually exhibit a
wasting disease and develop classic
symptoms of ulcerative colitis (UC) in
10-14 weeks (Morrissey et al., 1993; 
Powrie et al., 1993). We have found that
such pathologic consequences do not
develop in germ-free mice, which exhibit
no wasting or symptoms of UC (Jiang
et al., 2002). In an effort to identify a
microbial provocateur, we mono-
associated germ-free SCID mice with 
one of five gut colonising, benign
bacterial species, before transfer of
‘naive’ CD4+ T cells. CD4+CD45RBhigh 

T cells have been defined as naïve or 
inexperienced T cells, also expressing
high level of CD62L, and lack 
expression of other activation markers,
such as CD69 and CD44, which are
prevalent in the PP of germ-free mice
(Morrissey et al., 1993; Powrie et al., 
1993; Talham et al., 1999). No wasting
disease or IBD symptoms developed in
these mice. However, a sixth mono-
associate, Helicobacter muridarum, did
result in an accelerated development of
wasting, and UC (at 4-5 weeks) upon
colonisation of SCID mice prior to 
transfer of ‘naive’ T cells (Jiang et al., 
2002). H. muridarum was first 
described as a benign commensal, living
in colonic crypts of  healthy,
conventional, immunocompetent mice
(Phillips and Lee, 1983). The developing
disease was accompanied by extensive
outgrowth of H. muridarum in colonic 
crypts and caecum, a severe 
inflammatory response in the colon with
trans-mural cell infiltration, and severe
loss of weight. All mono-associating,
gut colonising bacteria we tried stimulate
outgrowth of transferred CD4+,
CD45RBhigh T cells in formerly germ-
free SCID mice. However, H. murida-
rum results in the development of an 
imbalance of activated macrophage and
of INF-γ producing T cells in the gut 
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lamina propria of colonised, recipient
SCID mice. Thus far, the specificities of
CD4+ T cells that initiate experimental
IBD have not been defined in any ani-
mal model for IBD. 

Generally, co-transfer of CD4+,
CD45RBlow, CD25+ T cells (subset in-
cluding Tr1 cells) from conventionally
reared donors, along with CD4+,
CD45RBhigh T cells (‘naïve’ T cells)
from conventionally reared donors into
conventionally-reared SCID mice fore-
stalls or ameliorates the development of
IBD initiated by the latter (Morrissey et 
al., 1993; Powrie et al., 1993). The
specificities of these regulatory Tr1
cells, has long been an issue. We find
that Tr1 cells derived from convention-
ally reared donors, have no effect on the
development of IBD when given along
with the initiator (CD4+, CD45RBhigh) T
cells from germ-free or conventionally
reared donors. However, if the Tr1 cells
are taken from immunocompetent, H. 
muridarum mono-associated mice and 
transferred to germ-free SCID recipients
prior to colonisation with H. muri-
darum, they effectively block develop-
ment of IBD initiated by ‘naïve’ T cells.
This observation suggests a specificity
of the effective Tr1 cells for microbial 
Ags.

These findings suggest that normally
innocuous members of the gut microbi-
ota, such as H. muridarum, can act as an
initiator of IBD in mice with a dys-
regulated immune system, since im-
munocompetent mice with functional
regulation elements, do not develop IBD
upon mono-association with H. muri-
d a r u m  . It is not surprising that 
CD4+,CD45RBlow, CD25+ T cells from 
such mice can control the development 

of IBD in dysregulated SCID mice. 

Possible roles of gut microbes in fa-
cilitating oral tolerance

Finally, we believe that the cellular
mechanisms for mediating the fore-
stalling or amelioration of IBD are 
similar to those mediating acquired oral
tolerance. A typical scheme for the ex-
perimental initiation of oral tolerance to
a dietary, protein Ag is to give the Ag
(ovalbumin, conalbumin) orally and then
the fed mice, along with unfed controls,
are primed parenterally with the same
Ag in adjuvant.

We find that germ-free mice are re-
fractory to the development of oral tol-
erance, as judged by their failure to 
show a diminished response of their pe-
ripheral T cells in vitro upon feeding a
dietary Ag, relative to unfed control
mice. Mono-association of germ-free
mice with the normal murine E. coli 
(Schaedler’s E. coli), results in suscep-
tibility to the expression of oral toler-
ance. Thus, gut colonisation with at least 
some benign, commensal microbes 
somehow facilitates the development of
oral tolerance (Boiko et al., unpub-
lished).

Thus our above observations in 3 and 
4 above support the stimulation of gut
CD4+ T cells to either initiate IBD or 
down regulate development of IBD and
systemic immune responses to orally
administered protein Ags. It is still un-
clear whether microbial products act via
TCR and/or the toll-like receptors of T
cells. Clearly, development of effective
oral vaccine formulation will require se-
lective stimulation of protective T cells
and Abs and circumvent the down 
regulatory effects of Tr1 cells. 

GENERAL SUMMARY 

Microbial colonisers of the mam- mucosal immune system. The host 
malian gut play a role in the develop- makes a humoral mucosal response to
ment and maintenance of the intestinal each benign gut bacterial species used to 
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colonise adult GF mice. This response
is characterised by transient GCR in 
PPs and the increased production of IgA
in the gut. Each bacterial species used
for mono-association has a characteristic 
stimulation of steady state levels of gut
IgA production and ratio of specific IgA
Abs to ‘natural’ IgA. In many cases, the
level of ‘natural’ IgA is appreciably
higher than demonstrably specific IgA.

Both B1- and B2-cells contribute to 
‘natural’ IgA production in the gut. The
B1 cells require ‘bystander’ CD4+ T 
cell ‘help’ to develop IgA production in
intestine. At least some of these gut T
cells seem to be specific for Ags associ-
ated with particular gut microbes and
require local colonisation to be func-
tionally ‘activated’. It is still unclear 
whether B1 cells can be specifically se-
lected and activated by particular Ags or
whether they are stimulated by microbial
products via TLRs rather than BCRs.
Under near physiologically normal con-
ditions, B2 rather than B1 cells appear to
account for most of the ‘natural’ and 
anti-microbial specific IgA produced in
the gut. B2 cells may produce anti-mi-
crobial IgA Abs without a requirement
for T cell help via vestigial GCRs and
possibly without the accumulation of
cells with V-gene mutations that often
lead to affinity maturation.

We describe a mouse model for hu-

man IBD that has a dysregulated im-
mune system and an identifiable bacte-
rial provocateur, the normally benign H. 
muridarum. Naïve CD4+ T cells, intro-
duced into formerly germ-free SCID
mice, mono-associated with H. murida-
rum, result in development of a wasting
disease and ulcerative colitis. This dis-
ease appears to be initiated by activated
CD4+ T cells, which infiltrate the large
intestine, produce IFN-γ and activate 
terminal effector macrophage. The 
specificities of the initiator T cells are
unknown. However, regulatory CD4+,
CD25+, CD45RBlow T cells (Tr1 cells)
can forestall or ameliorate the wasting
and progression of the IBD symptoms.
These seem to require specific, microbial
Ag stimulation and may act in a 
‘bystander’ fashion to down-regulate
the development of the initiator CD4+ T 
cells. Such Tr1-type T cells also appear
to play a role in oral tolerance and also
be stimulated by colonisation of the gut
with enteric microbes. Oral tolerance — 
systemic hypo-responsiveness of T cells
following ingestion of protein Ags — is 
absent or diminished in germ-free mice,
but can be facilitated by colonisation
with E. coli. Since the tolerance is elic-
ited by feeding a dietary Ag (ovalbumin,
conalbumin), it is likely that any Tr1-
cells elicited by colonisation with E. coli 
act in a ‘bystander’ fashion. 
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SUMMARY 

Sepsis continues to be a leading cause of death among hospitalised
patients. Despite advances in supportive care and the availability of po-
tent antimicrobials, the mortality exceeds 20%. The passive infusion of
antibodies directed against a conserved region of the lipopolysaccharide
(LPS) of Gram-negative bacteria was highly protective in an early study
(Ziegler et al., 1982). When this and similar preparations were unable to
show consistent efficacy, efforts were directed towards other strategies,
including cytokine modulation. Our group found that a whole bacterial
vaccine made from the E. coli O111:B4, J5 (Rc chemotype) mutant in-
duced protective antibodies when given passively as treatment for sepsis
in a neutropenic rat model. A subunit vaccine, composed of detoxified
J5 LPS complexed to group B meningococcal outer membrane protein
(OMP), provided similar protection when antibodies were given pas-
sively, or induced actively in both the neutropenic and caecal liga-
tion/puncture models of sepsis. A phase I study in 24 subjects (at 5, 10
and 25 µg doses [based on LPS] for each group of 8) revealed the vac-
cine to be well-tolerated with no systemic endotoxin-like effects. Al-
though a 2-3 fold increase in antibody levels over baseline (by ELISA
assay) was observed at the 10 and 25 µg doses, the plasma from both
high and low responders reduced LPS-induced cytokine generation in
whole blood. Re-immunisation of 6 subjects at 12 months did not con-
vert low responders to high responders or boost the still elevated anti-J5
LPS levels of high responders. If functional assays of anti-LPS anti-
bodies are better predictors of vaccine efficacy than ELISA antibody
levels, then it will be necessary to determine which of many potential as-
says best correlates with protection in animal models. We are currently
comparing a panel of functional assays with protective efficacy in ani-
mal models of sepsis, as well as the ability of adjuvants to enhance vac-
cine efficacy. The availability of an effective anti-endotoxin vaccine will
provide additional therapeutic options for the prevention and/or treat-
ment of sepsis. 

————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 812-817 (2004). All references should be made to
the original article. 
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INTRODUCTION
 

Sepsis, a leading cause of death in
intensive care units, has increased in
frequency over the last two decades 
(Martin et al., 2003). Between 1979 and
2000 there was a four-fold increase in 
the number of cases of sepsis (from
164,000 to nearly 660,000). The mortal-
ity remains nearly 20% despite advances
in supportive care and the introduction
of potent antimicrobial agents (Martin et 
al., 2003). Consequently, additional
therapeutic measures have been sought.
The important role of Gram-negative
bacterial lipopolysaccharide (LPS) in the
pathogeneses of sepsis was recognised
in the 1960’s and 70’s (Braude et al.,
1960); therefore, it is not surprising that
initial attention to adjunctive treatment 
measures focused on this molecule. 
Elucidation of the structure of LPS 
revealed that the lipid-A portion was 
highly conserved among species of En-
terobacteriaceae and that the core re-
gions also had considerable conserva-
tion. As a result, it was hypothesised that
antibodies against these conserved LPS
structures might provide protection
against a broad range of Gram-negative
bacteria. Investigators developed bacte-
rial strains in which the core region of
LPS was available to the immune system
(i.e. not shielded by O antigen, for
example S. minnesota Re595 [Re che-
motype] and E. coli O111:B4, J5 mutant 
[Rc chemotype]) (McCabe, 1972; Zieg-
ler et al., 1973). Pre-clinical work with
anti-core LPS antibodies induced by
these killed bacterial strains was effec-
tive in animal models of sepsis (Ziegler
et al., 1975; Johns et al., 1983). In this
manuscript we shall briefly review ear-
lier studies with anti-endotoxin anti-
bodies, and then describe our own 
studies with a detoxified J5 LPS 
(dLPS)/group B meningococcal outer
membrane complex (OMP) vaccine that 

progressed to a phase I study in human
subjects. 

Early studies with anti-endotoxin
antibodies 

Based on these studies, Braude and 
colleagues prepared a whole bacterial
vaccine by boiling E. coli 0111: B4, Rc
chemotype (hereafter, J5 mutant) and
raised immune sera in healthy volun-
teers. In a multi-centre clinical trial, pa-
tients with suspected Gram-negative
bacterial sepsis were given either pre or
post-immune sera in addition to stan-
dard therapy (Ziegler et al., 1982). Pa-
tients with Gram-negative bacteraemia
who received post-immune sera had a
better survival rate (22/91 [24%]) than
those receiving pre-immune sera 
(30/100 [38%] p=0.041). Among those
with either hypotension or in profound
shock, there were even more significant
differences in favour of the post-im-
mune sera. Despite the therapeutic bene-
fit, there was no evidence that the anti-
sera prevented infection. In this trial in-
vestigators were unable to determine 
whether the antibody fraction of sera
was responsible for the improved sur-
vival. Further, the antigen in the whole
bacterial vaccine responsible for induc-
ing the protection was not clearly identi-
fied. Finally, since the “therapeutic
product” was material from an individ-
ual volunteer and not a reproducibly
made reagent, this clinical study must be
viewed as a proof of principle rather
than the testing of a potential therapeutic
product.

Subsequent investigators were unable
to confirm the findings of Ziegler and 
colleagues; however, none of these 
studies were similar in design to the
original study and none clearly docu-
mented the maintenance of anti-endo-
toxin antibodies (Table 1). In one study 
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Table 1: Passive administration of anti-core LPS antibodies for sepsis: Previous clinical studies 
——————————————————————————————————————— 
Study Product Number of Ab levels Outcome
 

patients
 
——————————————————————————————————————— 
Ziegler (1982) J5 serum 91 Increased Reduced mortality,


especially if shock
 
Baumgartner (1985) J5 Plasma 126 Not done 9/136 controls vs.


2/126 patients died
 
J5 Study Group (1992) J5 plasma 40 No increase No protection in


meningococcemia

Commetta (1992) Screened IVIG 108 Consumption No protection
 

Calandra (1988) J5 IVIG 30 Not done No effect 

Schedel (1991) “Enriched” IVIG 27 Consumption Titre-related protection
1/27 vs. 9/28 survival 

Fomsgaard (1989) Screened IVIG 9 Consumption Anti-LPS IgG reduced TNF 
——————————————————————————————————————— 

children with meningococcal purpura anti-core LPS (S. minnesota, Re 595)
fulminans were given J5 plasma at the antibody and high titred material was
onset of illness (J5 Group, 1992). There pooled and made into an IVIG (The In-
was no evidence of benefit; however, travenous Immunoglobulin Collabora-
there was no increase in anti-J5 LPS tive Study Group, 1992). This prepara-
antibody when measured at 6 hours after tion was compared to standard IVIG in
infusion. In another study, use of J5 its ability to prevent the onset of sepsis
plasma was ineffective when given as when given as prophylaxis to patients
prophylaxis to surgical patients. This who underwent surgery. In the absence
study confirmed the earlier finding of of documented infection, the levels of
Ziegler et al. (1982) that J5 serum did antibody at 2 days was <50% that of
not prevent the development of Gram- levels obtained at 2 hr post infusion
negative infection (Baumgartner et al., (The Intravenous Immunoglobulin
1985). Similarly, in another clinical trial Collaborative Study Group, 1992). This
IgG was prepared from the plasma of enriched anti-core LPS IVIG was unable 
volunteers who were immunised with the to prevent infection, sepsis or death. 
whole bacterial J5 vaccine (Calandra et Thus, in all of these studies it is likely
al., 1988). A single infusion of IVIG that inadequate amounts of antibodies
was ineffective in a clinical trial of were given or inadequate levels of anti-
patients with sepsis; however, there ap- body were maintained to test the hy-
peared to be only a two-fold response in pothesis that anti-endotoxin antibodies
anti-J5 LPS antibody in the starting were effective in the treatment of sepsis.
material before fractionation into IVIG. A number of studies (Pollack et al., 
Thus, although the level of anti-core 1983; Goldie et al., 1995; Zinner and 
LPS antibodies after infusion was not McCabe, 1976) have clearly established
measured in these patients, it is unlikely a relationship between the level of anti-
that adequate levels of anti-J5 IgG were core LPS antibody at the onset of sepsis
administered. In yet another study, and outcome. More importantly, a de-
plasma from blood donors was screened crease in anti-core LPS antibody during
for high levels of naturally occurring a septic episode forebodes a poor out-
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come (Fomsgaard et al., 1989; Schedel 
et al., 1991; Nys et al., 1993; Goldie et 
al., 1995). Consequently, in the absence
of documentation that there was an ade-
quate level of circulating anti-endotoxin
antibodies, it is difficult to exclude the
hypothesis that anti-endotoxin antibod-
ies might be an effective adjunctive ther-
apy for sepsis. Indeed, in small studies,
both Schedel et al. (1991) and Foms-
gaard et al. (1989) each demonstrated
that maintenance of “adequate levels”
of anti-CGL antibody with multiple in-
fusions corresponded to a decrease in
circulating endotoxin levels and in-
creased survival. 

Despite the fact that early studies
with antisera to lipid-A were unsuccess-
ful in treating sepsis in animal models
(B r u i n s  et al., 1977), nevertheless,
monoclonal antibodies to lipid-A were
developed and tested in clinical trials
without success (Greenman et al., 1991; 
Ziegler et al., 1991). Given the repeated
failures of anti-core LPS and anti-lipid-
A antibodies to affect the outcome of 
sepsis in clinical trials, subsequent ef-
forts were directed towards the rapidly
developing field of cytokine modulation. 

Additional therapeutic strategies
Recognition of the important role of 

TNF-α and IL-1 in the development
sepsis resulted in multiple clinical trials
in which inhibitors of TNF and IL-1 
activity were tested for therapeutic effi-
cacy in sepsis. After many trials with
these and other endogenous mediators
of sepsis, no convincing therapeutic
effect was detected (Zeni et al., 1997). In
contrast to studies with anti-endotoxin 
antibodies that target an invading patho-
gen, however, administration of active
cytokine antagonist often was associated
with increases in lethal infections. These 
unforeseen adverse events illustrate the 
difficulty in trying to “fine-tune” the
levels of endogenous mediators of sep-
sis in the host as opposed to efforts to
target microbial initiators of sepsis. In
view of the difficulties in trying to 
monitor the effect of therapy on host-
defences as well as the success of the 
initial clinical trial with J5 antiserum, we
decided to re-examine the potential util-
ity of anti-core endotoxin antibodies,
such as the J5 antibody. This effort was
facilitated by the development of a neu-
tropenic rat model of sepsis in which
animals developed a lethal bacterial in-
fection following the administration of
relatively low doses of opportunistic
pathogens (Collins et al., 1989). 

CURRENT STUDIES WITH ANTI-J5 ANTIBODY
 

We obtained the E. coli 0111:J5 
strain from Dr. Ziegler and prepared a
heat-killed whole bacterial vaccine ac-
cording to the original method. Antisera
raised in rabbits with this vaccine were 
highly protective in a neutropenic rat
model of sepsis, when given at the onset
of fever (Bhattacharjee et al., 1994) (i.e.
as therapy). The effect was clearly dose-
related (Bhattacharjee et al., 1994),
which lent credence to the argument that
previous clinical trials with anti-endo-
toxin antibodies may not have been suc-

cessful because of inadequate levels of
serum administered. We further showed 
that IgG was the protective fraction in
serum and was directed against the core
J5 LPS in the whole bacterial vaccine 
(Bhattacharjee et al., 1994). Six of 8
animals that received affinity purified J5
LPS-specific IgG were protected against
lethal Pseudomonas sepsis vs. none of
25 animals receiving pre-immune IgG.
Importantly, the protection was clearly
dose-related with animals receiving 9
ml/kg IgG protected versus none re-
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Table 2: Local and systemic reactions following immunisation with dJ5 LPS/OMP vaccine 
——————————————————————————————————————— 

Dose (based on dLPS)
Reactions ——————————————————————— 

5 µg 10 µg 25 µg 
——————————————————————————————————————— 

Local 
Erythema
Induration 
Swelling
Pain 

Severe 
Moderate 
Mild 
None 

Analgesia 
Systemic

Fever 
Headache 
Fatigue 

Haematologic
Anaemia 
Leukopenia 

2a 1 3 
2 0 4 
2 8 6 

0 0 0 
8/1b 

10/5
6/18

2 

7/0
12/5
5/19

2 

12/0
9/8
3/16

2 

1 1 1 
2 1 0 
0 0 0 

0 1 0 
0 0 0 

——————————————————————————————————————— 
Volunteers were immunised at day 0, day 28 and day 56 with the indicated dose. 
anumber of reactions per 24 total immunisations (8 subjects, 3 doses).
bnumber of reactions at day 1/day2 after immunisation. 

ceiving <6 ml/kg (Bhattacharjee et al., 
1994).

Based on these findings we made a
J5 LPS vaccine, which was detoxified by
removing the ester-linked fatty acids
through alkaline treatment (Bhattachar-
jee et al., 1996). The LPS was not im-
munogenic when given alone, with alum,
with QS21 or when conjugated to teta-
nus toxoid. When complexed non-co-
valently with the outer membrane protein
of group B-meningococcus, however,
the formulation was highly immu-
nogenic in mice, rabbits and rats. Antis-
era raised with this vaccine was highly
protective in a neutropenic rat model
after challenge with either Klebsiella or 
Pseudomonas when the antibody was
given either as passive therapy at the
time of sepsis, or when antibodies were
actively induced by immunisation before
the start of sepsis. In the latter instance,
immunisation with this vaccine did not 

prevent bacteraemia, but did reduce
mortality. Receipt of anti-J5 antibody
reduced circulating levels of endotoxin
at 24 hr after infusion and reduced the 
circulating TNF levels compared to the
effect with pre-immune sera (Bhat-
tacharjee et al., 1996). Active immuni-
sation with the J5dLPS/OMP vaccine
promoted the uptake of bacteria from the
circulation and killing (i.e. decreased
organ bacterial load). Immunisation both
actively and passively was also 
protective in another animal model of
sepsis, caecal ligation/puncture in mice.
This model differs from the neutropenic
rat model in that the sepsis is polymi-
crobial. With these findings we prepared
a vaccine for human use. 

Phase I clinical study
A Phase I study (Cross et al., 2003)

was conducted in 24 healthy subjects.
Subjects received either 5, 10, or 25 µg 
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Table 3: Anti-J5 LPS ELISA titres of sera from volunteers in the phase I trial 
——————————————————————————————————————— 

IgG IgA 
——————————————————— ——————————————————— 

Groupa Pre Post Fold rise Pre Post Fold rise 
——————————————————————————————————————— 
5µg 1.7b ± 0.28 3.6 ± 0.71 2.0 ± 0.18 1.3 ± 0.14 2.6 ± 0.3 2.1 ± 0.3 
10µg 2.8 ± 0.5 5.8 ± 1.9 3.3 ± 0.4 4.4 ± 0.6 9.1 ± 2.0 2.0 ± 0.3 
25µg 2.1 ± 0.18 4.9 ± 0.6 2.3 ± 0.3 1.8 ± 0.3 3.9 ± 0.9 2.2 ± 0.5 
——————————————————————————————————————— 

IgM 
————————————————————— 

Group Pre Post Fold rise 
————————————————————————— 
5µg 11.2 ± 0.9 16.9 ± 1.3 1.5 ± 0.1 
10µg 18.9 ± 4.8 66.2 ± 24.0 3.2 ± 1.0 
25µg 6.5 ± 1.1 18.2 ± 5.4 2.9 ± 0.6 

——————————————————————————————————————— 
a 8 volunteers in each group received J5 dLPS/OMP vaccine at time 0, days 28 and 56.
b Serum antibody levels were measured according to our previously described methods (Cross et al., 
2003). Data represent mean ± SEM optical density units (ODU). ODU are defined as the product
of the optical density and reciprocal titre for the serum dilution that gives an optical density
closest to but still below 1.00 (e.g. OD 0.400 at 1:100 dilution = 40 ODU). Post levels are from
the peak antibody level measured on specimens obtained up to 3 months after immunisation.
Fold-rises were calculated for each subject and a geometric mean-fold rise for each group then
determined. 

of vaccine (based on LPS content) at
time 0, 1 and 2-months (i.e. 3 total 
doses). There were few systemic re-
sponses (headaches/fever/fatigue) (Table
2). No temperatures >99.9°F were 
recorded. Most individuals had a mild-
to-moderate degree of tenderness at the
injection site, which usually resolved by
48-hours. For comparison, the only
study to report the incidence of adverse
effects with the heat-killed J5 vaccine 
observed 7/16 incidences of systemic
reactions to the initial vaccine, and 3/9
subjects who returned for a second dose
(Schwartzer et al., 1988). No abnor-
malities were seen in renal (creatinine,
urinalysis), liver (serum alkaline phos-
phatase, transaminases, bilirubin) or 
haematologic (leukopenia, anaemia)
studies compared to baseline studies
(data not shown).

Antibody responses were measured
by ELISA (Table 3). Compared to pre-
immunisation levels there was a mean 3-

fold increase in IgG and IgM levels in
the 10 µg group. The 5 µg and 25 µg
dosage groups had slightly lower re-
sponses. Subjects in all groups had
higher baseline levels of IgM antibody
to core LPS. We did not assess the af-
finity of the pre- vs. post-immune anti-
core LPS antibodies. Six subjects (3
high and 3 low responders) received a
single booster dose of 25µg of vaccine
at 12-months to see if it were possible to
convert non-responders and to boost the
level of responders. High responders
were defined as having >2.5 fold in-
crease in serum IgG over baseline, while
low responders had <2 fold increase. At
12 months, among responders, pre-
boost levels of antibody were still ele-
vated but had decreased by approxi-
mately 50%. There was no increase in
antibody levels among the high re-
sponders following the booster dose.
Subjects who did not respond after the
primary series did not convert with the 
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Figure 1: Effect of pre-incubation of LPS with either post-immunisation plasma or control
pooled plasma from non-immunised individuals. Different doses of E. coli LPS were added to 
plasma from either one subject with >3-fold increase in anti-J5 dLPS antibody levels or to control
plasma. Then the mixture was added to heparinised whole blood from a J5 LPS-naïve donor. The
blood was incubated for 24 hr and the supernatant analysed for TNFα. 

booster dose. Plasma from all six sub-
jects was obtained one week after the
booster dose. These were evaluated in 
functional assays. 

Functional studies of anti-J5 LPS 
antibody

With most other vaccines there is 
usually one functional assay recognised
as corresponding to vaccine efficacy.
For example, opsonic antibody assays
for pneumococcal immunisation are 
thought to better reflect vaccine efficacy
than ELISA (Johnson et al., 1999; Kim 
and Seoh, 1999). Viral neutralisation
assays or serum bactericidal tests have
also been thought to correspond to effi-
cacy for other vaccines. In the case of an
anti-endotoxin vaccine, however, it is not
readily apparent what functional assay
would best reflect vaccine efficacy.
Many functional activities are initiated 
by LPS, including induction of cytoki-
nes, fever, and coagulation as well as the
initiation of complement cascades,
among a great many other activities. We
tested the plasma of the six volunteers in
the Phase I study (three high and 3 low 

responders) who received a booster dose
(25 mg) of vaccine at one year in an ex 
vivo cytokine assay. In this assay, LPS
is added to heparinised whole blood and
incubated at 37°C for 24-hours (Kovach 
et al., 1990). Cytokine generation was
then measured in the supernatant. When
LPS was pre-mixed with post-immune
plasma before addition to the blood,
there was a highly significant decrease
in TNF (Figure 1) and in IL-6 
generation (data not shown) compared
to LPS that was exposed to control 
plasma (Cross et al., 2003). This was
observed for both low and high re-
sponders. When plasma was diluted,
however, the higher titred plasma had
more activity. Consequently, although
the ELISA antibody level did not corre-
late with functional activity, those with
higher antibody levels did appear to have
a higher LPS neutralising capacity. In a
preliminary study, the plasma from a
high responder enhanced the clearance
of bacteria and endotoxin from the cir-
culation of rats (Cross et al., 2003).

In yet another functional assay of
LPS activity, pre-incubation of human 
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Table 4: Post-immune rabbit sera block LPS-primed superoxide response of human neutrophils 
——————————————————————————————————————— 

Pre-treatment Change in OD560 %Control Anti-J5 LPS IgG (ng/ml) 
——————————————————————————————————————— 

None 0.023 ± 0.001 
LPS/HBSS 0.199 ± 0.033 
LPS/NRS 0.212 ± 0.005 
LPS/anti-J5-1 0.143 ± 0.042 
LPS/anti-J5-2 0.161 ± 0.012 
LPS/anti-J5-3 0.144 ± 0.020 

100 

not applicable
not applicable

109 
67 727 
76 1528 
68 473 

——————————————————————————————————————— 
Human PMNs were suspended in HBSS/2% human serum and incubated for 60 min at 37°C in
medium, medium and LPS or rabbit serum with LPS. The serum from 3 different rabbits (anti-
J5-1; anti-J5-2 and anti-J5-3) immunised, or from non-immunised rabbits (NRS) were used
(Anti-J5 LPS antibody levels for each rabbit are indicated in the last column). After washing,
the PMNs were stimulated with FMLP (10–7 M) for 10 min in the presence and absence of su-
peroxide dismutase and the change in ferricytochrome C reduction between 0 and 10 min sam-
ples determined by absorption at 550 nm. NRS=normal rabbit serum; HBSS=Hank’s Balanced
Salt Solution. Each condition performed in triplicate. Representative experiment shown of 3
with similar results. 

neutrophils with LPS primes the ability
to generate superoxide in response to a
neutrophil agonist, formyl-methionyl-
leucyl-phenylalanine (fMLP) (Guthrie 
et al., 1984). Pre-incubation of LPS with
post-immune sera from three different
rabbits (anti-J5-1through 3) immunised
with the J5dLPS/OMP vaccine reduced
the ability of LPS to prime this response
(Table 4). Although there did not appear
to be an antibody dose-related inhibition
of LPS priming based on ELISA anti-
body levels, we did not dilute out the
antisera. When this was done in the ex 
vivo cytokine induction assay, differ-
ences were observed (Cross et al.,
2003). Based on these initial studies we
plan to compare the ability of high and 

low responder plasma to protect in the
caecal ligation puncture and neutropenic
rat models of sepsis, to recognise het-
erologous LPS in other binding assays
(fluid phase, and binding to whole bac-
teria by flow cytometry) and to neutral-
ise the ability of LPS to induce cytoki-
nes by THP1 and RAW cells in vitro. 
These studies may provide data as to 
which functional assay may correlate
best with protection in animal model of
sepsis. This becomes an even more im-
portant consideration since there has
been considerable and ongoing debate
on the methodology for measuring anti-
LPS antibodies by ELISA (Warren et 
al., 1993). 

PROPOSED USE OF ANTI-ENDOTOXIN VACCINE
 

If an effective anti-endotoxin vaccine 
were available for the prevention and/or
treatment of sepsis, then it might be used
in several different conditions. Several 
populations are at higher risk of sepsis
and might be considered for im-
munisation: soldiers, police, fire fighters,
as well as patients undergoing compli-

cated abdominal or genitourinary sur-
gery. Routine immunisation of the first
three groups would require that the anti-
body response be long-lived. In our 
phase I study, subjects with elevated
anti-J5 LPS antibody responses after
initial immunisation still had elevated 
antibodies at 12 months (Cross et al., 
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2003). In the case of patients undergo-
ing elective surgery, an effective anti-
endotoxin vaccine would need to induce 
antibodies after one or two doses of 
vaccine. Co-administration of the vac-
cine with an adjuvant might accelerate
the antibody response in a manner 
similar to that of the oligonucleotide,
CpG, given with hepatitis B (a vaccine
also given in 3 doses) (Davis et al.,
2000). Since after acute injury there is a
Th2 polarisation, patients admitted with
burns or trauma might respond to active
immunisation (Lyons et al., 1997; Gin-
noudis et al., 1998). We administered
experimental Klebsiella and Pseudo-
monas vaccines to patients admitted
following severe trauma and found that
they responded well to both vaccines
(Campbell et al., 1996). 

Alternatively, anti-core LPS antibod-
ies could be given passively to septic
patients. In this instance, it would be es-
sential to monitor the circulating levels
of anti-core LPS antibodies. In our own 
pre-clinical studies in neutropenic rats
there was a clear dose-related protection
(Bhattacharjee et al., 1994), and previ-
ous clinical trials did not pay adequate
attention to the maintenance of antibody
levels. Additional doses of antibody may
be required during a septic episode. In
patients who become septic despite
active immunisation with an anti-endo-
toxin vaccine, supplementation with
passive administration of antibodies may
be required to counter any consumption
of antibody, as was documented in 
previous trials. 

CONCLUSIONS
 

Our own bias is that many of these
previous studies that investigated the
efficacy of anti-endotoxin antibody
therapy did not adequately measure the
amount of antibody administered and
did not insure adequate levels of anti-
body after initial infusions. Conse-
quently, the potential role of anti-core
endotoxin antibody therapy has not been
sufficiently tested to discard the 
hypotheses. In monitoring the adequacy
of therapy, the discrepancy between the
ELISA antibody levels in human sub-
jects and their activity in functional 
studies needs to be confirmed in a more 
rigorous fashion. Given the number of
functional assays with which one might
measure anti-endotoxin activity, this may
become a daunting task. The conflicting
data with previous studies of anti-
endotoxin antibody therapy demands,
however, that this effort be pursued in
order to better evaluate the response to
vaccine such as the one under present
study. The current studies suggest that
monitoring responses with functionally 

relevant assays may be an important
component of clinical trials with anti-
endotoxin antibodies. Moreover, our 
earlier studies in a neutropenic rat model
of sepsis demonstrated the importance
of giving adequate levels of anti-
endotoxin antibodies (Bhattacharjee et 
al., 1994). The more recent study in
human subjects found that even though
the plasma from both high and low
responders neutralised the cytokine-
inducing activity of LPS, nevertheless,
the activity was greater for the high re-
sponders (Cross et al., 2003). Conse-
quently, it may be desirable to devise
strategies to improve the antibody re-
sponse with this J5 dLPS/OMP com-
plex vaccine.

Future studies will be directed toward 
administration of this vaccine with adju-
vants that may boost the level of anti-
endotoxin antibodies and enhance the 
functional activity of the preparation.
These strategies are currently being in-
vestigated. 
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SUMMARY 

Prevention of Klebsiella infections by passive immunotherapy has
received more attention during the last decade. Both K antigen- and O
antigen-specific antisera and monoclonal antibodies (mAbs) have been
studied with respect to phagocytosis-enhancing and in vivo protective
capacities. Our own work has focussed on the generation of O sero-
group-specific rabbit antisera and O antigen specific murine antibodies.
O-specific rabbit sera were absorbed extensively with heterologous O
antigen strains in order to obtain highly specific typing reagents. Using
these for typing a collection of 378 clinical strains, we found that 82%
of them belonged to one of the 4 serogroups O1, O2ab, O3 and O5.
Phagocytosis experiments using antisera and mAbs showed that O anti-
gen specific antibodies were able to opsonise non-encapsulated strains,
while fully encapsulated bacteria were rather resistant against the op-
sonising effect. Nevertheless, in vivo experiments demonstrated a pro-
phylactic effect on both Klebsiella septicaemia and pneumonia in a
mouse model of lethal infection. Given the limited number of O sero-
groups, O antigen-specific antibodies may be suited to supplement K
antigen-specific hyperimmune globulins for passive immunoprophy-
laxis of Klebsiella infections. 

INTRODUCTION 

Klebsiella spp., in particular Kleb- quent occurrence of highly antibiotic-
siella (K.) pneumoniae and Klebsiella resistant Klebsiella strains, passive im-
oxytoca, are important pathogens caus- munoprophylaxis of Klebsiella infec-
ing a variety of nosocomial infections tions has received increasing attention in
(Hansen et al., 1997). In particular, recent years. It has been shown by us
Klebsiella ventilator-associated pneu- and other groups, that capsule (K anti-
monia in the Intensive Care Unit (ICU) gen) -specific antibodies are opsonic for
setting carries a high mortality of up to Klebsiella organisms and protect against
50% (Carpenter, 1990). Given the fre- disseminating Klebsiella infection in 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 818-821 (2004). All references should be made to
the original article. 
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Table 1: Klebsiella O antigen serogroup reference strains 
——————————————————————————————————————— 

Strain designation Antigen formula Comment 
——————————————————————————————————————— 

Friedländer 201 O1:K-
7380 O2ab:K-
5053 O2ac:K-
390 O3:K11 
1702 O4:K42 
4425/51 O5:K57 
NCTC 8172 O6:K64 
264 (1) O7:K67 
889 O8:K69 
1205 O9:K72 
337 O10:K73 
378 O11:K78 
708 O12:K80 

contains O2a 
-
-
-
-
-
serologically identical with O1 
-
serologically identical with O1*
contains O2ab 
no Klebsiella** 
contains O4 
-

——————————————————————————————————————— 
*	 The O8 antigen was shown chemically to be distinguished from O1 by partial O-acetylation

of the polysaccharide backbone structure (Kelly et al., 1993). However, the two antigens are
not separable by means of conventional serology.

** This strain, originally described as a novel Klebsiella serotype, was later shown to belong to 
the genus Enterobacter because it was motile. Both the O10 and K73 antigens were removed
from the list of recognised Klebsiella antigens. Adapted from Trautmann et al., 1997. 

animal models. In humans, a large clini-
cal trial performed by the group of
Donta and colleagues (1996) has shown
that pre-treatment of ICU patients with
high-titred human immunoglobulins
containing antibodies specific for vari-
ous Pseudomonas O serotypes and 
Klebsiella K serotypes prevented a sig-
nificant proportion of ICU acquired in-
fections compared to a control group
treated with non-specific IgG. However,
for effective prophylaxis of Klebsiella 
infections, a total of 77 recognised K
antigen serotypes must be taken into
account. The currently available Kleb-
siella K antigen vaccine contains no
more than 24 capsular types, and the
immune response against individual an-
tigens in this vaccine is variable (Cross 
and Cryz, 1990). Therefore, a vaccine 
consisting of fewer components might
be desirable. 

Like other Gram-negative bacteria,
Klebsiella also possesses a somatic or O
antigen. However, except for the recent
decade, little work had been done on the 

Klebsiella O antigens. Several obstacles
prevented the generation of highly
specific O antigen typing sera and the
elucidation of the sero-epidemiology of
the O antigens. Firstly, O antigen-
specific sera, even when produced
against less encapsulated mutants, are in
reality OK sera because they always
contain significant amounts of K spe-
cific antibodies. Consequently, the pres-
ence of K specific antibodies in these
sera can significantly confound the re-
sults of O serotyping. Secondly, simple
and quick typing methods such as ag-
glutination cannot be used because O
antibodies get "buried" within the large
capsule layer of most Klebsiella strains. 

In our own work, we focussed on the
development of a reliable typing method
to elucidate the sero-epidemiology of the
O antigens in clinical material. Also, we
produced monoclonal antibodies 
(mAbs) specific for different epitopes of
the O1 antigen in order to test their op-
sonising and protective effects. 
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MATERIALS AND METHODS
 

O antigen reference strains
These strains, which are listed in Ta-

ble 1, were obtained from the Statens
Serum Institute, Copenhagen, Denmark. 

Production of rabbit antisera and 
mAbs against Klebsiella O antigens

Immune sera were produced by re-
peated intramuscular immunisations of
rabbits with boiled Klebsiella organisms
as described (Trautmann et al., 1996).
Antisera were raised preferably against
capsule-less mutants or O antigen-iden-
tical but K antigen-heterologous strains
in order to avoid a confounding effect of
anti-capsular antibodies on typing re-
sults. Murine mAbs were produced by
conventional immunisation schedules as 
described (Trautmann et al., 1994). 

Preparation of O antigens (lipopoly-
saccharides)

We used the hot phenol-water
method as described (Trautmann et al., 
1996). 

Clinical Klebsiella isolates 
During a 10-year period, clinical 

Klebsiella isolates from two University
hospitals (Charité Virchow Klinikum,
Berlin, Germany, and University Hos-
pital of Ulm University, Ulm, Germany)
were collected and frozen. Species iden-
tification was performed by determina-
tion of the biochemical reaction profile
(API 20E). Isolates recovered from any
body site during routine clinical diag-
nostics were accepted, but only primary
isolates from each patient were retained.
The origin of each isolate and whether it
was associated with colonisation, non-
invasive or invasive infection was docu-
mented. 

O antigen typing
A competitive enzyme-linked immu-

nosorbent assay (ELISA) method was
using for typing. In short, the strain to 

be tested was grown freshly on agar
plates, harvested, and boiled to release
the O antigen from the outer cell layer.
Bacterial cellular debris was removed by
centrifugation, and the clear supernatant
was added in a 1:1 ratio to an O antigen-
specific rabbit antiserum. After repeated
vortexing, the mixture was transferred to
ELISA wells coated with the homolo-
gous O antigen lipopolysaccharide. 
After incubation, the mixture was 
washed off, and any remaining O anti-
gen specific rabbit antibodies that had
bound to the plates were detected by
anti-rabbit-IgG alkaline phosphatase
conjugate. In case of a positive reaction,
it could be concluded that the O antigen
of the test strain did not correspond to
the antibody in the typing serum. Con-
versely, if the reaction remained negative,
O antigen identity between test strain
and the typing serum could be assumed.
All isolates were typed with all O 
specific antibodies and mAbs available
(Trautmann et al., 1996). 

Opsonophagocytic assay
This was performed by means of a

microtitre plate phagocytosis assay,
using Ficoll-Paque-purified human 
neutrophils and fresh human serum as a 
source of complement (Held et al., 
2000). 

In vivo protection studies
Groups of 10 mice were pre-treated

intraperitoneally with mAb Ru-O1 in
ascending doses. Four hours later, the
animals were challenged i.p. with an es-
timated dose of 50 organisms of Kleb-
siella pneumoniae Caroli, a fully encap-
sulated and highly virulent strain (sero-
type O1:K2). This dose corresponded to
approximately 50x the lethal dose 50%
(LD50) as determined previously.
Mortality was recorded for 4 subsequent
days (Rukavina et al., 1997). 
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Figure 1: Relative distribution of isolates from invasive versus non-invasive infections. 

RESULTS 

Re-examination of O antigen refer-
ence strains 

We found that the O8 antigen refer-
ence strain contained an O antigen in-
distinguishable by polyclonal and 
monoclonal serology from the O1 anti-
gen. Therefore, we proposed to define
this serogroup as a common O sero-
group, although chemically, and addi-
tional O acetylation has been detected in
the O8 type strain (Kelly et al., 1993).
We also found that both of these strains 
contained the O2a partial antigen de-
fined by strain 7380 (Table 1). Fur-
thermore, we detected the O2a partial
antigen in strain 1205 (O9), and the O4
antigen as a partial antigen in strain 378
(O11) (Table 1). 

O antigen sero-epidemiology
A total of 378 clinical isolates were 

collected, 290 of which belonged to the
species K. pneumoniae spp. pneumo-
niae, and 86 to the species K. oxytoca. 
Two isolates were identified as K. or-
nithinolytica. Ninety-nine strains were
judged to have caused invasive infec-

tions because they were recovered from
blood cultures (n=79), from open lung
biopsies (n=7), or from the abdominal
cavity during septic surgery (n=13).
Typing results of invasive versus non-
invasive isolates are summarised in Fig-
ure 1. Only 4 O antigens (O1, O2ab,
O3, and O5) accounted for 82% of all
clinical isolates, with no relevant differ-
ences between invasive and non-invasive 
strains (Trautmann et al., 1997). 

O antigen specific mAbs
We raised 3 mAbs which we desig-

nated Ru-O1, IV/4-5 and V/9-5. MAb
Ru-O1 reacted specifically with a high-
molecular weight component of the 
lipopolysaccharide of serogroup O1
(and O8) strains, mAb IV/4-5 reacted
with the O2a antigen, which represents a
medium-weight component present in
the O2ab, O2ac, and other O2a-con-
taining strains such as O1 and O8. The
broadly cross-reactive mAb V/9-5 rec-
ognises both low and high-molecular
weight LPS components of all Kleb-
siella O serogroup reference strains ex-
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Table 2: Opsonophagocytic effect of Klebsiella O antigen-specific mAbs for encapsulated 
and non-encapsulated Klebsiella strains 

——————————————————————————————————————— 
% Phagocytosis in the presence of mAb 

———————————————————————————— 
Strain designation Ru-O1 IV/4-5 V/9-5 K antibody 
——————————————————————————————————————— 
Klebsiella Caroli (O1:K2) 0 0 0 97.3 ± 2.2
 
Klebsiella Caroli decapsulated


mutant (O1:K-) 
strain 37 (O1:K7)
strain 37 decapsulated

mutant (O1:K-) 
strain 151 (O1:K21)
strain 151 decapsulated
mutant (O1:K-) 

94.4 ± 0.9 3.5 ± 1.8 21.7 ± 5.0 n.d. 
48.9 ± 4.8 38.6 ± 13.7 12.8 ± 6.4 97.0 ± 1.8 

93.5 ± 3.0 11.6 ± 6.6 59.9 ± 4.8 n.d. 
31.0 ± 8.03 3.4 ± 0.3 12.4 ± 3.7 94.3 ± 3.0 

93.9 ±1.5 54.1 ± 4.4 69.1 ± 4.8 n.d. 
——————————————————————————————————————— 
Values are % phagocytosis ± 1 standard deviation (3-4 separate experiments). Human neutro-
phils were used at a predetermined optimum ratio of bacteria to cells. The concentration of
complement was 10%, and the final concentration of the mAbs was 5 µg/ml. Specific K anti-
body for K2 was mAb III/5-1, and polyclonal anticapsular rabbit sera raised against K7 and K21
were used in the respective experiments. 

cept O7, and most of the clinical strains
tested. In opsonophagocytosis experi-
ments, a K2 antigen-specific anti-cap-
sular mAb, III/5-1 (mouse IgM), was
used as a positive control (Trautmann et 
al., 1988). 

Opsonophagocytic tests
A variety of Klebsiella strains ex-

pressing and not expressing capsular
antigens were tested in these experi-
ments. We found that mAb Ru-O1 was 
the most active antibody in terms of a
promotion of phagocytosis, however,
even this antibody did not opsonise a
fully encapsulated Klebsiella O1 strain, 
K. pneumoniae Caroli (Table 2). Thus, it 

was concluded that the capsule sig-
nificantly hampered the access and 
functional activity of O antigen-specific
antibodies (Held et al., 2000). Capsule-
specific antibodies were highly opsonic
for their homologous strains in these
experiments (Table 2). 

In vivo protection experiments
Although not opsonic for encapsu-

lated K. pneumoniae strain Caroli, mAb 
Ru-O1 exerted significant protection
against lethal infection with this strain.
Doses necessary to provide protection
were higher than those needed for a K
antigen specific antibody tested for
comparison (Table 3). 

DISCUSSION
 

Our work on the Klebsiella O antigen 
serogroups has shown that the O 
antigen epidemiology of this genus is by
far less diverse than that of other 
Enterobacteriaceae. For instance, in E. 
coli, more than 150 O antigen sero-
groups have been described, a signifi-

cant proportion of which are found in
clinical material. We found that only
nine O antigen serogroups in Klebsiella 
can be accepted as truly separable
groups, namely O1, O2, O3, O4, O5,
O7, O9, O11 and O12. The previously
described O and O8 antigens were 
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Table 3: Protective effect of mAb Ru-O1 (anti-O1) and mAb III/5-1 (anti-K2) in animals
challenged with Klebsiella Caroli (O1:K2) 

——————————————————————————————————————— 
No. of animals surviving at day 7/no. challenged,

after pre-treatment with mAb 
——————————————————————— 

Dose of mAb (µg/g) III/5-1 Ru-O1 
——————————————————————————————————————— 

0.25 5/5 n.d. 
0.5 5/5 n.d. 
1.0 10/10 0/10

10.0 10/10 0/10
20.0 10/10 1/10
40.0 n.d. 7/10

200.0 n.d. 6/10 
——————————————————————————————————————— 
Adapted from Rukavina et al., 1997 

found to be identical with O1, and sev-
eral type strains were found to contain
partial antigens of other strains. For in-
stance, the O2a partial antigen was 
found in the type strain of O9, and the
O4 partial antigen in the type strain of
O11. The O2 serogroup is heterogene-
ous with various partial antigens that
were not fully elucidated and that await
their further clarification by mAb tech-
nology. We had mAbs at hand against
the O2ab and O2ac partial antigens.
While the former was present in all O1
and O2ab strains (i.e., in approximately
50% of clinical strains), the latter was
found in only 4 out of 378 strains 
(1.1%). Our data are in nearly complete
accordance with those obtained by Han-
sen et al. (1999) 2 years later, using a
similar ELISA inhibition technique.
These authors studied a total of 638 
Klebsiella isolates from Denmark, Spain
and the United States and found a virtu-
ally identical distribution of O serotypes
in their clinical material. In their study,
78.9 % of strains belonged to sero-
groups O1, O2, O3 and O5.

Our studies with O antigen specific
mAbs showed that these mAbs were 
able to bind to their target epitopes on
whole bacteria (data not shown), but the 

capsule significantly hampered their
opsonising effect. Nevertheless, our in 
vivo experiments with the most active of
the antibodies, mAb Ru-O1, showed that
protection may be achieved in spite of
the relative lack of opsonic activity for
encapsulated strains. We speculate that
two mechanisms may account for this
protective effect: Firstly, capsular anti-
gen may be shed from growing bacteria
in vivo, thereby exposing the O antigen
layer for specific reaction with mAb, and
secondly, soluble O antigen may con-
tribute to pathogenicity by triggering
pathophysiologic reactions such as dis-
seminated intravascular coagulation or
pro-inflammatory mediator release. It is
possible, though not proven, that circu-
lating O antigen specific mAb neutral-
ises these effects, thereby contributing to
protection. This mechanism may also
explain why relatively large doses of O-
specific antibody were needed for pro-
tection, compared to K antigen-specific
antibodies (Held et al., 2000). Further
studies will have to be done to clarify the
protective mechanisms and study a 
possible synergism with K antigen spe-
cific antibodies before a clinical role of 
such antibodies can be defined. 
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SUMMARY 

The emergence of resistance against multiple antibiotics and the in-
creasing frequency with which E. faecalis and E. faecium are isolated 
from hospitalised patients underscore the necessity for a better under-
standing of the virulence mechanisms of this pathogen and the devel-
opment of alternatives to current antibiotic treatments. The genetic plas-
ticity of enterococci and their ability to rapidly acquire and/or develop
resistance against many clinically important antibiotics and to transfer
these resistance determinants to other more pathogenic microorganisms
makes the search for alternative treatment and preventive options even
more important. A capsular polysaccharide antigen has recently been
characterised that is the target of opsonic antibodies. A limited number
of clinically relevant serotypes exist, and the development of an entero-
coccal vaccine based on capsular polysaccharides may improve our
ability to prevent and treat these infections. Additional enterococcal sur-
face antigens, including ABC transporter proteins and other virulence
factors, such as aggregation substance, may also be useful targets for
therapeutic antibodies. 

INTRODUCTION 

Enterococci are physiologic com- 108 colony-forming units per gram of
mensals of the gastrointestinal and fe- faeces) (Huycke et al., 1998; Noble,
male genital tracts of humans and sev- 1978). Some enterococcal strains are 
eral mammals and birds (Aarestrup et used as probiotic agents and are believed
al., 2002). They are extremely versatile to have beneficial effects on a number of 
and well suited for survival under harsh gastro-intestinal and systemic diseases
conditions (Murray, 2000). Under most (Franz et al., 1999; Mitra and Rabbani,
circumstances, enterococci do not cause 1990; Benyacoub et al., 2003). However, 
any harm to the host, despite living in on some occasions, the commensal
abundance in the intestinal lumen (105- relationship with the host is 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 822-830 (2004). All references should be made to
the original article. 
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disrupted with the consequence that en-
terococci cause serious diseases (Jett et 
al., 1994). Enterococci are intrinsically
not as virulent as other Gram-positive
organisms such as S. aureus, pneumo-
cocci, or group A streptococci, which
makes the study of their pathogenicity
more difficult. A number of putative
virulence factors for enterococci have 
been described, although their relevance
to disease development is often not as
obvious as for other pathogens. Entero-
cocci are endogenously resistant and are
known to have acquired further resis-
tance mechanisms to multiple antibiotics 

(Jones et al., 1997), allowing them to
prevail in hospital and nursing home
settings. The immense difficulties in
treating serious enterococcal infections
underscore the importance of under-
standing virulence factors that may be
targeted by alternative therapeutics. The
rapid increase in enterococcal strains
resistant to vancomycin (VRE) and other
antibiotics (Huycke et al., 1998; Jones et 
al., 1997) and their ability to pass this
trait on to other pathogens, i.e., S .  
aureus, indicates an urgent and ex-
panding clinical problem. 

ENTEROCOCCAL INFECTIONS
 

Enterococci are the third most com-
mon pathogen isolated from blood-
stream infections (Jones et al., 1997), the
single most frequently reported type of
pathogen in surgical-site infections in
intensive care units (Richards et al., 
2000), and the second most common 
nosocomial pathogen in the U.S. (Rich-
ards et al., 1999). Enterococci are re-
sponsible for three to four cases of 
nosocomial bloodstream infections per
10,000 hospital discharges (Banerjee et 
al., 1991). These bacteria contribute sig-
nificantly to patient mortality as well as
to additional hospital stay (Landry et al.,
1989). The ability of enterococci to ac-
quire, accumulate, and transfer genetic
elements such as plasmids and trans-
posons via conjugation is one of the 
major reasons for their increased im-
portance as nosocomial pathogens
(Murray, 2000). Transfer of resistance 

determinants from enterococci to other 
more virulent Gram-positive bacteria,
like staphylococci, has been observed in 
vitro (Murray, 2000). The first isolation 
of a fully vancomycin-resistant S. 
aureus strain in a patient previously
colonised with VRE suggests the possi-
bility of an in vivo exchange of resis-
tance traits (Chang et al., 2003).

Enterococci can cause a variety of
clinical syndromes including endo-
carditis, bacteraemia, meningitis, intra-
abdominal, wound, and urinary tract in-
fections. There are well-defined patient
populations [e.g., liver-transplant pa-
tients (Papanicolaou et al., 1996), neo-
nates (Christie et al., 1994), and pa-
tients with haematological malignan-
cies (Chadwick et al., 1996)] who
would clearly benefit from improved
treatment options for enterococcal in-
fections (Table 1). 

PATHOGENICITY OF ENTEROCOCCI 

The mechanisms by which peaceful derstood. One hypothesis is that entero-
commensals are transformed into life- cocci normally colonise the intestinal
threatening pathogens are not well un- tract and are held in check by host 

40 



  
 

 
 

  

 

 
 

 

 

  

 
 

  

 
 

Table 1: Predominant enterococcal infections in specific patient populations 
————————————————————————————————— 
Immunocompetent patients Immunocompromised patients Procedure-related infections 
————————————————————————————————— 
Urinary tract infections Bacteraemia/sepsis Urinary tract infections
Endocarditis Intra-abdominal infections 

Meningitis 
————————————————————————————————— 

mechanisms, but at some point develop
traits to occupy new niches or exploit a
possibly weakened host immune system
(Gilmore et al., 2002). This imbalance
could lead to translocation of organisms
from the intestinal lumen into the blood-
stream, eventually resulting in systemic
spread. Successful evasion of the host
defence can eventually lead to increased
pathogenicity in the host and subsequent
disease (Johnson, 1994). Additional 

sources of infections include intrave-
nous, urinary, or biliary catheters, for-
eign bodies, the urinary tract, surgical
wounds, or the oral cavity (Jett et al., 
1994; Gilmore et al., 2002). Studies
have shown that enterococci can also be 
transmitted through the hands of 
healthcare workers, clinical instruments
(Porwancher et al., 1997), or from pa-
tient to patient (Chenoweth and Scha-
berg, 1990). 

COLONISATION
 

Enterococci normally colonise the
gastrointestinal tract of healthy hu-
mans. A number of adhesion factors of 
enterococci have been identified that 
confer binding to mucosal and other
epithelial surfaces and facilitate coloni-
sation or the formation of vegetations.
Adhesion to host tissues is considered 
a prerequisite for the establishment of
infection by many bacteria. For exam-
ple, in endocarditis, firm attachment to
endocardial epithelium is a precondi-
tion of successful colonisation, consid-
ering the high flow rates inside the
heart (Karchmer, 2001; Hoesley and 
Cobbs, 1999).

Aggregation substance (AS) is one
enterococcal virulence factor that 
seems to mediate the specific binding
of enterococci to intestinal epithelium
(Sartingen et al., 2000), renal epithelial 
cells (Kreft et al., 1992), human neu-
trophils (Vanek et al., 1999), and 
macrophages (Sussmuth et al., 2000). 
AS is a surface-bound glycoprotein 

encoded on sex-pheromone plasmids
that mediates aggregation between 
bacteria and facilitates plasmid transfer
(Dunny et al., 1995). AS augments in-
ternalisation of enterococci (Sartingen
et al., 2000; Olmsted et al., 1994; Wells 
et al., 2000) and intracellular survival
(Sussmuth et al., 2000; Rakita et al.,
1999) and has been associated with an
increased mass in valvular vegetations
in rabbit endocarditis models (Chow et 
al., 1993; Schlievert et al., 1998). In
some studies, AS seems to be more
common in clinical vs. stool isolates 
(Coque et al., 1995; Waar et al., 2002),
while other studies found no difference 
(Archimbaud et al., 2002; Huycke and 
Gilmore, 1995) (Table 2).

Another cell surface protein, Ace
(adhesin of collagen from E. faecalis),
which exhibits strong similarities with
the S. aureus collagen-binding protein
Cna, has recently been identified (Rich et 
al., 1999). This E. faecalis–specific sur-
face component belongs to the 
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Table 2: Prevalence of virulence genes of enterococcal isolates from different sources 
————————————————————————————————— 
Virulence Factors Clinical isolates 	 Stool isolates from 

healthy volunteers 
————————————————————————————————— 
Aggregation substance (AsaI) 50-90% [34, 35, 36, 37, 60, 63] 30-60% [34, 36, 37] 
Esp 5-100% [35, 36, 42, 59, 60] 3-40% [35, 36, 42] 
Cytolysin/haemolysin 11-70% [34, 35, 36, 37, 59, 60, 63] 0-25% [34, 35, 36, 37] 
Gelatinase 55-100% [34, 36, 59, 60, 63] 27-66% [34, 35, 36] 
————————————————————————————————— 

MSCRAMM family, mediates binding
to certain collagens (Rich et al., 1999),
and may play a role in the pathogenesis
of endocarditis (Nallapareddy et al.,
2000).

Similarly, EfaA (E. faecalis adhesin),
a serum-inducible surface protein that
shows extensive similarities with several 
adhesins of streptococci (Lowe et al.,
1995), is a putative endocarditis antigen
and demonstrated a potential biological
role in a mouse peritonitis model (Singh
et al., 1998a).

Another putative colonisation factor
is the enterococcal surface protein Esp
(Shankar et al., 1999), a cell-wall asso-
ciated protein, that shows structural 
similarities with the Streptococcus aga-
lacticae (GBS) Rib (Wastfelt et al.,
1996), C alpha protein of GBS (Michel 

et al., 1992), R28 of Streptococcus pyo-
genes (GAS) (Stalhammar-Carlemalm 
et al., 1999), and the Staphylococcus 
aureus biofilm-associated protein BAP 
(Cucarella et al., 2001). Esp was found
to be enriched in clinical vs. stool or 
food isolates in several studies (Ar-
chimbaud et al., 2002; Shankar et al., 
1999; Baldassarri et al., 2001a; Eaton 
and Gasson, 2002; Willems et al., 2001),
though this could not be confirmed by
others (Waar et al., 2002) (Table 2).
Esp has been shown to contribute to the
colonisation and persistence of some E. 
faecalis strains during ascending urinary
tract infection (Shankar et al., 2001). It
also seems to play a role in mediating
primary attachment of enterococci to
surfaces and in biofilm formation 
(Toledo-Arana et al., 2001). 

SECRETED VIRULENCE FACTORS
 

Enterococci also secrete molecules 
that are putative virulence factors. For
example, cytolysin/haemolysin is a bac-
terial toxin that is encoded by an operon
consisting of 8 genes [52-56] localised 
on a pheromone-responsive plasmid 
(Jett et al., 1994) or on the chromosome 
(Colmar and Horaud, 1987; Ike and 
Clewell , 1992). Cytolysin shows 
haemolytic (against human, horse, and
rabbit erythrocytes) and bacteriocidal
activity against other Gram-positive
bacteria (Coque et al., 1995). It is
thought to play an important role in hu-

man infections, in which it is produced
in 11-70% of strains (Coque et al., 
1995; Waar et al., 2002; Archimbaud et 
al., 2002; Huycke and Gilmore, 1995; 
Vergis et al., 2002; Eaton and Gasson,
2001; Huycke et al., 1991, 1995; Elsner 
et al., 2000), compared to 0-25% in stool
isolates (Coque et al., 1995; Waar et al., 
2002; Archimbaud et al., 2002; Huycke
and Gilmore, 1995) (Table 2). Cytolysin 
also contributes to enterococcal 
virulence in all animal models (Huycke
et al., 1998; Chow et al., 1993; Ike et al., 
1987; Jett et al., 1992, 1995) and a C. 
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elegans model studied (Garsin et al.,
2001). It has recently been shown to be
regulated by a quorum-sensing mecha-
nism involving a two-component regu-
latory system (Haas et al., 2002).

Gelatinase (GelE) is an extracellular
zinc metallo-endopeptidase secreted by
E. faecalis that shares homologies with
gelatinase of Bacillus species and Ps. 
aeruginosa elastase (Coque et al.,
1995). It is co-transcribed with the ser-
ine protease SprE and regulated by the
quorum-sensing fsr locus, which shows 
homology to the S. aureus agr locus 
and is expressed in late exponential
phase at high cell densities (Qin et al., 
2000, 2001; Nakayama et al., 2001a,b).
GelE can hydrolyse gelatine, casein,
haemoglobin, and other bioactive pep-
tides, which provides clues for its po-
tential role as a virulence factor in en-
terococci (Makinen et al., 1989; Su et al.,
1991). Gelatinase can also cleave sex
pheromones, which are known to be 
potent chemo-attractants (Sannomiya et 
al., 1990), and might therefore modulate
the host response (Hancock and Gil-
more, 2000). It might also play an im-
portant role in the severity of systemic
disease, as shown in several independent
animal studies (Chow et al., 1993; Singh
et al., 1998b; Gutschik et al., 1979; 
Dupont et al., 1998; Ike et al., 1984; Mi-
yazaki et al., 1993). GelE was also 
shown to be enriched in clinical isolates 
in some studies [55-100% in clinical
isolates vs. 27-66% in stool isolates 
from healthy volunteers (Coque et al., 
1995; Archimbaud et al., 2002; Vergis et 
al., 2002; Eaton and Gasson, 2001)], but
contradicting observations have also 

been reported (Waar et al., 2002) (Table
2). Further investigations are needed to
explore possible therapeutic uses for the
above-mentioned enterococcal virulence 
mechanisms. 

Burnie et al. (2002) examined sera of
patients with enterococcal infections to
identify enterococcal antigens that might
be associated with protective antibodies.
They identified an immunodominant
ABC transporter complex that was rec-
ognised by antibodies from patients.
Antibodies raised against parts of this
complex conferred protection to mice in
a systemic infection model. ABC (ATP-
binding cassette) transporter proteins are
cell membrane–associated ex- and 
import systems that transport a variety
of molecules, including nutrients and
drugs (Fath and Kolter, 1993; Linton 
and Higgins, 1998; Quentin et al.,
1999). They have also been associated
with polysaccharide biosynthesis in E. 
faecalis (Xu et al., 1998). ABC trans-
porters have been implicated as virulence
factors in staphylococcal infections in
several studies (Coulter et al., 1998; 
Lowe et al., 1998; Mei et al., 1997) and 
as immunodominant antigens in 
infections due to E. faecalis (Xu et al., 
1997) and S. aureus (Burnie et al., 
2000). MsrC from E. faecium, another
ABC transporter, which is homologous
to MsrA of S. aureus, is associated with 
macrolide resistance (Portillo et al.,
2000; Singh et al., 2001). ABC trans-
porters share highly conserved se-
quences and therefore seem to be 
promising targets for the development of
protective antibodies. 

TRANSLOCATION
 

Enterococci possess the ability to
translocate from the intestinal lumen to 
mesenteric lymph nodes, the liver, and
the spleen (Wells et al., 1988, 1990, 

1991a,b). However, the mechanisms re-
sponsible have not been fully elucidated.
Enterococci are thought to be phagocy-
tosed by tissue macrophages or intesti-
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nal epithelial cells and transported
across the intestinal wall into the lym-
phatic system (Hancock et al., 2000). 
Olmsted et al. (1994) showed that inter-
nalisation of enterococci by cultured in-
testinal cells is significantly increased in
the presence of AS, although this is 

most likely only one of several factors
that control internalisation efficiency.
No study to date has been able to sug-
gest any therapeutic approaches to pre-
vent infection at this level of interaction 
between host and enterococci. 

HOST RESPONSE AGAINST ENTEROCOCCAL INFECTIONS
 

Surprisingly little is known about
host defence mechanisms against en-
terococcal infections, and only a few 
studies have attempted to investigate this
area systematically. In order to survive
in the host, enterococci must success-
fully avoid specific and non-specific
host defence mechanisms. Most Gram-
positive pathogens possess factors such
as anti-phagocytic polysaccharide cap-
sules, surface proteins such as the M-
protein of GAS, or toxins to ensure sur-
vival in the host. After translocation or 
introduction into the bloodstream, en-
terococci are susceptible to neutrophil-
mediated killing carried out mainly by
complement and opsonising antibodies
(Harvey et al., 1992; Gaglani et al.,
1997; Arduino et al., 1994a,b). Certain
strains of enterococci have also been 
shown to be capable of surviving within
phagocytic cells (Sussmuth et al., 2000; 
Rakita et al., 1999; Gentry-Weeks et al., 
1999; Baldassarri et al., 2001b), which
might serve as vehicles for enterococci
to translocate across the intestinal wall 
and disseminate into distant organs. The
failure of phagocytic cells to kill intra-
cellular enterococci might lead to sys-

temic spread (Wells et al., 1988). 
Whether phagocytosis of enterococci 
represents a successful host defence 
mechanism or a means of immune re-
sponse evasion for enterococci remains
to be demonstrated. 

Arduino et al. (1994a) studied the re-
sistance of E. faecium to neutrophil-me-
diated phagocytosis using a fluores-
cence microscopic ingestion assay.
While all E. faecalis strains studied were 
internalised, only 50% of the E. faecium 
strains were phagocytosed. Exposure to
pronase, trypsin, or phospholipase C did
not affect the bacterium’s resistance to 
phagocytosis, while treatment with 
periodate eliminated the resistance to
phagocytosis.

The authors concluded that a car-
bohydrate structure was responsible
for the resistance to phagocytic killing,
although they did not isolate or chemi-
cally characterise a specific factor. By
electron microscopy, they identified
small electron-dense clumps in E. fae-
cium as well as in E. faecalis that may
be consistent with capsular material
(Arduino et al., 1994a). 

ENTEROCOCCAL POLYSACCHARIDES
 

Little is known about capsular poly-
saccharides in enterococci or their roles 
in colonisation or persistence. Since
1935 there have been reports on sero-
logical typing systems for enterococci 

(formerly group D streptococci). Ini-
tially 31 subtypes of “enterococci”
were described (Takeda, 1935). How-
ever, the main goal of these studies was
the epidemiological investigation of out-
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breaks rather than the taxonomic classi-
fication of isolates. Only crude extracts
of bacteria were used to prepare immu-
nising suspensions. The streptococcal
group D antigen is expressed by most
enterococci. Unlike the cell-wall carbo-
hydrates characterising the serogroup A
to C antigens, the group D antigen is a
glycero-phosphate polymer (Elliott,
1962). Lancefield recognised additional
cell wall or surface carbohydrates and
referred to these as type-specific anti-
gens (Elliott, 1959). These antigens were 
considered to be the structural and 
chemical counterparts of the group-spe-
cific substances in streptococci groups
A, B, C, E, F, and G. Type-specific en-
terococcal antigens contain glucosamine,
rhamnose, and glucose (Elliott, 1960). 
Bleiweis et al. (1965) attempted an 
analysis of the chemical composition of
the type antigen from E. faecalis type 1.
By extraction with lysozyme, they iden-
tified material that consisted of 22.5% 
rhamnose, 11.9% hexosamine, 14.4%
glucose, 4.2% muramic acid, 11.7%
alanine, 5.5% glutamic acid, and 5.8%
lysine. They suggested that the type 1
antigen contained a rhamnose polymer
covalently linked to a second moiety, a
ribitol phosphate (Krause, 1972).

In 1964, Sharpe proposed a typing
system for Streptococcus faecalis based 
on cell-wall type antigens that included
11 serogroups. Her antigen preparations
were unaffected by trypsin but were in-
activated by periodate (Sharpe, 1964).
However, no systematic sero-epidemi-
ologic study reported to date has used
the above-mentioned system. In 1992,
Maekawa et al. proposed a new sero-
typing system for E. faecalis that in-
cluded nine of Sharpe’s type strains. It
distinguished a total of 21 serotypes,
with four types being responsible for
72% of the typable strains (Maekawa et 
al., 1992,1996). However this system
used formalin-killed bacteria to immu-
nise rabbits instead of chemically de-

fined antigen preparations (i.e. polysac-
charide antigens) to produce typing sera.
This serotyping system is therefore not
based on defined antigenic structures
such as capsules or other cell wall 
antigens. In recent years a number of
studies have focused on polysaccharide
antigens in enterococci (X u  et al.,
1997,1998, 2000). By expressing chro-
mosomal DNA fragments in E. coli, Xu 
et al. (2000) were able to identify clones
that produced an antigen detectable by
convalescent human sera. However, they
were not able to isolate this material 
from the parent strain, and thus its 
structure remains unknown. The fact 
that two of the polysaccharide genes are
a putative glycosyl transferase and a 
putative rhamnose biosynthesis gene
indicate that this locus may be responsi-
ble for the synthesis of the enterococcal
type antigen described by Lancefield
and others. Insertional mutants of these 
two genes were shown to have dimin-
ished virulence in a mouse peritonitis 
model (Xu et al., 2000). Hancock et al. 
(2002) identified a serotype-specific cell
wall polysaccharide biosynthetic operon.
This operon consists of 11 ORFs, and
mutants with insertions into certain of 
these genes lacked a high-molecular-
weight antigen. One of the created mu-
tants, HG101, with insertion in the cpsI 
gene, was more readily cleared from a
subcutaneous infection model and was 
found to be more susceptible to human
neutrophil-mediated killing in an op-
sonophagocytosis assay compared to
the wild-type FA2-2. Genetic evidence
and preliminary carbohydrate analysis
indicated a teichoic acid-like surface 
molecule consisting of glycerol phos-
phate, glucose, and galactose. Although
some phenotypic effects have been ob-
served in the mutants described above 
(Xu et al., 2000; Hancock and Gilmore,
2002), it cannot be concluded from these
studies that the antigens are indeed 
present on the surface of enterococci. It 
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Figure 1: NMR spectroscopy of the putative type-antigen from E. faecalis 12030. 

has not been shown for either of the against these structures are protective.
polysaccharides that antibodies directed 

VACCINE POTENTIAL OF ENTEROCOCCAL ANTIGENS 

Data from our laboratory showed that
about 57% of pathogenic enterococci
(90 out of 157 strains) possess a 
capsule and that the capsule may be
used to immunise animals as well as 
protect them against systemic infection
(Wang et al., 1999; Huebner et al.,
2000). A high-molecular-weight poly-
saccharide fraction isolated from strain 
E. faecalis 12030 inhibited opsonic
killing activity of immune rabbit sera
raised against both E. faecalis and E. 
faecium strains. The crude antigen could
be divided into two distinct polysaccha-
ride fractions by ion-exchange chroma-
tography, and analysis of these purified
materials by NMR spectroscopy indi-
cated that the first peak consisted of four 

distinct monosaccharides (see Figure 1).
This first fraction most likely contained
amino sugars and deoxyhexoses and is
probably identical with the type-specific
antigen. The second polysaccharide
consisted of a glycerol-teichoic acid-like
molecule with a backbone structure of 
–6 a-D-glucose-1-2-glycerol-3-PO4 
substituted on carbon two of the glucose
molecule with an a-2-1-linked molecule 
of D-glucose (Figure 2) (Wang et al., 
1999). Immunoblot and ELISA 
experiments indicated that the immuno-
reactivity of the immune rabbit sera was
directed against  the second 
polysaccharide. Rabbits immunised with
the purified glycerol/glucose polymer
material developed specific high-titre 
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Figure 2: Chemical structure of the capsular teichoic acid from E. faecalis 12030. 

antibodies that mediated bacterial killing
in an opsonophagocytic assay. This
killing activity could be abolished by
absorption of the immune rabbit sera
with the purified polymer. However, pre-
treatment of this polysaccharide with
Na-periodate prior to absorption
rendered the polysaccharide unable to
affect killing activity. Immune-electron
microscopy studies clearly indicate that
those polysaccharide-specific antibodies
have a capsule-like structure (see Figure
3) (Huebner et al., 1999). Evaluation of
protective efficacy was carried out in
mice that were intravenously (i.v.) chal-
lenged with live enterococci (Huebner et 
al., 2000). In non-immune mice, i.v. in-
oculations resulted in high bacterial lev-
els in kidney, spleen, and liver five days
after challenge. Mice immunised with 

four 10-µg doses of CP antigen were
protected against challenge with the ho-
mologous E. faecalis strain. Opsonic
IgGs were induced in high titres by im-
munising rabbits with the purified CP,
and passive transfer of this antiserum to
mice produced significantly lower bacte-
rial counts in organs than did normal
rabbit serum or sterile saline. Antibodies 
to the polysaccharide isolated from E. 
faecalis strain 12030 were protective
against another E. faecalis strain and 
against two serologically related, van-
comycin-resistant clinical E. faecium 
isolates. Antibodies to this CP antigen
were also effective as a therapeutic rea-
gent in mice when passive therapy was
initiated up to four days after challenge
with live bacteria (Huebner et al., 2000). 

OTHER POTENTIAL VACCINE CANDIDATES
 

So far only the ABC transporters de-
scribed above have been studied as tar-
gets of therapeutic antibodies in an ap-
propriate animal model (Burnie et al.,
2002). However, all of the above-men-
tioned putative virulence factors could
theoretically be used as vaccine targets. 

A recombinant aggregation substance
has been used to immunise rabbits, and
the application of these hyperimmune
sera protected mice against weight loss
and kidney infections in a bacteraemia
model (Krueger, manuscript in prepara-
tion). Protective antibodies directed 
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Figure 3: Immune electron microscopy of E. faecalis 12030 with immunogold-labelled rabbit 
sera raised against the purified capsular polysaccharide. 

against surface proteins have been 
studied in a number of bacteria, and the
possibility of conjugating a capsular
polysaccharide to one of these proteins
would provide targets against two dif-

ferent pathophysiologic mechanisms
included in the same vaccine (Lesinski 
and Lesinski, 2001; Gravekamp et al.,
1999). Further studies to evaluate these
possibilities are necessary. 

POSSIBLE USAGE OF AN ENTEROCOCCAL VACCINE
 

The development of an enterococcal
vaccine to prevent and/or treat systemic
infections depends on a number of fac-
tors, but must take into account the pa-
tient populations most likely to be at risk
for infections due to enterococci. A 
number of recent studies established 
specific risk factors in well-defined pa-
tient populations (Carmeli et al., 2002; 
Cetinkaya et al., 2002; Elizaga et al., 
2002; Husni et al., 2002; Lund et al., 
2002; Pai et al., 2002; Safdar and Maki,
2002; Suntharam et al., 2002; Timmers 
et al., 2002), and the prevention of in-
fections in high-risk patients could lead
to reduced mortality and reduced hos-

pital stay, making the cost-benefit fa-
vourable for this possibly very expen-
sive treatment. Passive immunotherapy
using hyperimmunoglobulins would be
the therapy of choice, since most pa-
tients at risk are likely to need protection
for only a limited period (i.e., several
weeks), and in most instances there 
would not be sufficient time to actively
immunise these patients in advance.
Passive immunotherapy has been used
in the prevention and treatment of a 
number of bacterial and viral diseases 
(Keller and Stiehm, 2000). The genera-
tion of antibodies with new technologies
such as phage display and the genetic 
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manipulation of mammals that express terococcal antigens could be a useful
human antibody molecules are promis- addition and/or alternative for the pre-
ing techniques to explore in the future. vention and/or treatment of enterococcal
Highly specific monoclonal antibodies infections in susceptible patients.
(Casadevall, 1999) directed against en-
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SUMMARY 

The historic development of vaccines to be used as immunotherapy 
for Pseudomonas aeruginosa infections, in various patient populations,
is reviewed. Commentary is offered concerning the relevance of each
approach in light of our current understanding of the pathological proc-
ess of these infections. 

INTRODUCTION 

With the widespread use of penicillin tion of new antibiotics with anti-pseu-
and other antibiotics to control Gram- domonal activity showed initial promise
positive organisms in the 1950s, there in the control of Pseudomonas, the in-
was a shift in the type of microorgan- nate capacity of this organism to become
isms causing severe infections in a vari- resistant to newly introduced antibiotics
ety of patient populations. At this time soon became a problem in treating these
the Gram-negative bacteria, particularly infections. Thus, alternative means were
Pseudomonas aeruginosa, emerged as sought to treat and prevent
the greatest infectious threat to hospi- Pseudomonas infections. Extensive re-
talised patients. Although the introduc- search studies on the mechanisms of 

Table 1: Pseudomonas virulence associated and cellular factors used or suggested
as antigens for immunotherapy 

————————————————————————————————— 
Lipopolysaccharide
Exotoxin A 
Ribosome 
Flagella
Pili 
High-molecular-weight polysaccharides
Alginate/mucoid exopolysaccharide
Outer membrane proteins
Multicomponent/conjugate
DNA 
Type III secretion/intoxication proteins 

————————————————————————————————— 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 831-839 (2004). All references should be made to
the original article. 
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pathogenesis of P. aeruginosa infec-
tions led to the discovery of a variety of
virulence-associated factors that lent 
themselves to the possibility of an im-
munologic approach to the prevention
and treatment of Pseudomonas infec-
tions. Some of the factors that have been 
tested in this regard are listed in Table 1.

Although many factors are listed,
they may not all be equally effective as
universal immunogens. Data have ac-
cumulated that some virulence factors 
may be associated with certain infection
processes but not others. Proteases 
seem to be important virulent factors in
patients with cystic fibrosis, whereas
exotoxin A is not. Others have com-
pared virulence products produced by P. 
aeruginosa isolated from patients with
different site infections and suggest
from their results that "(1) elastase,
phospholipase C, toxin A and exo-en-
zyme S are produced by P. aeruginosa 

isolates from different sites of infection;
(2) the production of higher levels of
elastase and phospholipase C is impor-
tant in all types of infections, while the
production of toxin A and exo-enzyme
S is important in wound infections; (3)
persistent infection with P. aeruginosa
may enhance exo-enzyme S produc-
tion." Thus, neutralisation of any
onespecific virulence factor by immu-
nologic or other means may not be suc-
cessful in preventing, eliminating, or im-
proving morbidity or mortality in P. 
aeruginosa infections in all of the forms 
they are seen in patients. This caveat
should be kept in mind when reading
this review. Since the literature on im-
munologic approaches to control Pseu-
domonas infections is vast, this review
will give only an abbreviated overview of
a variety of approaches that have been
attempted to prepare Pseudomonas 
vaccines over the years. 

REVIEW
 

In the 1960s, when P. aeruginosa 
had started to replace Gram-positive
cocci as the organism causing the most
mortality from sepsis, a variety of im-
munologic approaches to the prevention
and treatment of these infections was 
attempted. Because of the lack of 
knowledge of the virulence factors asso-
ciated with this organism and a lack of
understanding of its mechanisms of
pathogenesis, most of these attempts at
immunotherapy relied on cell wall com-
ponents (lipopolysaccharides; LPS) as 
antigens. It was believed that the gen-
eration of opsonising antibody against
the infecting strain would clear the bac-
teria from the host, thereby aborting the
infection. As knowledge of the various 0
serotypes of P. aeruginosa became 
better known, multivalent LPS vaccines
were developed (Feller et al., 1964; 
Millican et al., 1966; Alms and Bass, 

1967; Alexander et al., 1971; Haghbin et 
al., 1973; Young et al., 1973; Alexander 
and Fisher, 1974; Pennington et al., 
1975; Miler et al., 1977; Jones et al., 
1980; Pennington and Pier , 1983).
These were tested not only in animal
models [1-3,9,11] and patients, espe-
cially burned patients (Alexander et al., 
1971; Alexander and Fisher, 1974; 
Jones et al., 1980), where the incidence
of lethal P. aeruginosa infection was 
very high but also in patients with vari-
ous forms of cancer (Young et al., 1973; 
Haghbin et al., 1973; Pennington et al.,
1975) and acute and chronic lung dis-
ease (Pennington et al., 1975) (Table 2).
Although research and testing of these
types of vaccines went on for at least
two decades and in spite of positive re-
sults in animal and patient testing, espe-
cially in burns, these vaccines, because
of the LPS nature and the potential 

58 



 

 
 

  
 

 

 

 

 
 

 
 

 

 

  
  

 

 
 

  

 

 
 

 

 

 

problems involved with LPS, never 
gained clinical acceptance.

Early investigations into virulence 
factors associated with P. aeruginosa
infections described an ADP-ribosylat-
ing toxic substance that was designated
exotoxin A. Some studies of Pseudo-
monas infection suggested that animals
infected with P. aeruginosa would die a 
"toxic" death even in the face of treat-
ments which reduced the infecting bac-
terial load to a significant degree. This
suggested to some investigators that as 
an alternative to immunologic ap-
proaches that functioned to protect by
reducing the microbial load, one might
be able to enhance survival even in the 
face of ongoing infection by neutralisa-
tion of the toxic exoproduct, exotoxin A
(Pavlovskis et al., 1977, 1981; Snell et 
al., 1978; Cryz et al., 1983) (Table 3).
There were mixed results using this ap-
proach; at best, antitoxin treatment alone
only increased survival time ((Pavlovskis 
et al., 1977, 1981; Snell et al., 1978). 
Only in the presence of additional 
treatment that simultaneously reduced
microbial load did antitoxin treatment 
enhance long-term survival (Snell et al.,
1978). Despite encouraging studies,
mostly using burned mice, there are no
clinical studies using this approach to
P s e u d o m o n a s  immunotherapy.
However, exotoxin A toxoid is being
used in combination with other potential
protective immunogens and in multi-
component and conjugate vaccines.
More about this will be described later. 

For a time, ribosomes and ribosomal
RNA vaccines were evaluated for their 
ability to enhance survival from P. 
aeruginosa infection in a variety of
animal studies using unburned (Smith et 
al., 1974; Gonggrijp et al., 1981; Lie-
berman and Ayala, 1983) and burned 
rodents (Lieberman et al., 1986) (Table 
4). Although some success in animal 
models was presented, questions about
LPS contamination of ribosomal prepa-

rations cast doubt on these results, and
RNA and ribosomal vaccine develop-
ment fell out of favour. 

When it was demonstrated that mo-
tility and attachment were associated 
with P. aeruginosa virulence, particu-
larly in burn wound infections, many
studies were directed at the study of fla-
gella and pili as protective immunogens
(Holder et al., 1982; Holder and Nag-
lich, 1986; Montie et al., 1987; Sato et 
al., 1988; Ochi et al., 1991) (Table 5).
Several studies showed the efficacy of
flagella immunisation in a variety of 
burned animal studies (Holder et al., 
1982; Holder and Naglich, 1986; Mon-
tie et al., 1987; Ochi et al., 1991). The
appeal of flagella immunisation was that
there are only two immunotypes of fla-
gella in P. aeruginosa, thus a successful
divalent vaccine could be uniformly
protective (Holder and Naglich, 1986).
Flagella as protective immunogens are
still being investigated not only for pro-
tection against burn wound infections
but also in the prevention of P. aerugi-
nosa infection in cystic fibrosis patients.
Pili, bacterial appendages used for at-
tachment, have been shown to be viru-
lence-associated factors in P. aerugi-
nosa as well. Flagellated and piliated
strains of P. aeruginosa have a 10-fold 
lower LD5 0  than their isogenic non-pili-
ated mutants, and non-piliated strains
lose their ability to adhere to epidermal
cells in vitro (Sato et al., 1988) Antipilin
serum inhibited piliated strains from ad-
hering to these same cells, suggesting
that pili, as well as flagella, were appro-
priate proteins to be considered as pro-
tective vaccines against P. aeruginosa 
infection. Although they have not 
reached points where they can be used
as successful vaccines, studies on how
portions of the pilin adherence binding
domain and how peptides to the c-ter-
minal receptor binding regions of four
strains of P. aeruginosa pilin may be
used as vaccines have been reported. 
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Table 2: Features of some early immunotherapeutic approaches to treat Pseudomonas aeruginosa infections 
using whole cells or cell wall-associated materials 

—————————————————————————————————————————————————————————————————————————— 
Immunogen	 Tested in Active Passive Effect of immunisation Reference 
—————————————————————————————————————————————————————————————————————————— 
Heat-killed phenol preserved Rabbits + + Significant ↑ survival Feller et al., 1964 

whole cells - one strain 
Heat or formalin killed Unburned and + - Significant ↑ survival; Millican et al., 1966 

whole cells - one strain burned mice ↓ pathologic findings in organs 
Alcohol precipitate of Mice + + Significant ↑ survival Alms and Bass, 1967 

"slime" fraction-one strain 
LPS prepared from seven 0 serotype Burned patients + - ↑ survival Alexander et al., 1971 

strains combined to make a Burned patients + +* ↑ survival Alexander and Fisher, 1974 
heptovalent vaccine (Pseudogen®)† 

Heptavalent LPS vaccine Cancer patients + - Significant but limited ↓ in fatal Young et al., 1973 
(Pseudogen®) infection high incidence of

untoward side effects 
Heptavalent LPS vaccine Paediatric acute + - No control of infection observed Haghbin et al. 1973 

(Pseudogen®) leukaemia patients 
Heptavalent LPS vaccine Acute leukaemia and + - Leukaemia: possibly fewer Pennington et al., 1975 

(Pseudogen®) cystic fibrosis patients	 Pseudomonas infections;
 
cystic fibrosis - no clinical benefit

in spite of high antibody titres
 

EDTA-glycine extraction of viable Mice + + Significant ↑ survival Miler et al., 1977 
cells from each of 16 distinct Burned patients; + + ↓bacteraemia Jones et al., 1980 
0 serotype strains combined to
make polyvalent vaccine
(later called PEV-01) 

Pseudogen and PEV-01	 Acute pneumonia/ Significant protection - Pennington and Pier, 1983 
Guinea pigs both vaccines 

—————————————————————————————————————————————————————————————————————————— 
* Given to patients who arrived or became bacteraemic within 5 days of hospital admission.
† Parke Davis and Co., Detroit, MI 
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Table 3: Protection studies using exotoxin A immunisation 
—————————————————————————————————————————————————————————————————————————— 
Type of immunisation Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Passive ↑ Survival time (burned mice) Pavlovskis et al., 1977 
Passive ↑ Survival time; long term survival ↑ with additional antibiotic treatment (burned mice) Snell et al., 1978 
Active ↑ Survival time; lower viable bacterial counts in blood and liver (burned mice) Pavlovskis et al., 1981 
Passive No effect on survival or number of bacteria found in blood, liver or skin (burned mice) Cryz et al., 1983 
—————————————————————————————————————————————————————————————————————————— 

Table 4: Protection studies using ribosomes 
—————————————————————————————————————————————————————————————————————————— 
Immunogen (type of immunisation) Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Ribosomes/1 strain (active) Significant homologous but not heterologous strain protection (mice) Smith et al., 1974 
Purified ribosomes prepared from crude Cross-protection (mice) Gonggrijp et al., 1981 

ribosomal fractions from two strains 
and RNA extracted from these purified
preparations (active) 

Ribosomal fractions one strain Significant protection (C3H/HeJ and ICR mice) Lieberman et al., 1983 
(active and passive) 

Ribosomal fractions, two strains Cross protection when immunisation was prior to infection; Lieberman et al., 1986 
(active and passive post infection protection was time interval dependent between

immunisation and infection (scald burned rats) 
—————————————————————————————————————————————————————————————————————————— 
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Table 5: Protection studies using flagella or pili immunisation 
—————————————————————————————————————————————————————————————————————————— 

Immunogen (Type of Immunisation) Results	 Reference 
—————————————————————————————————————————————————————————————————————————— 
Purified flagella (active) Flagella antigen specific ↑ survival; uniform ↑ survival with 

divalent immunisation (burned mice) 
Holder et al., 1982 

Partially purified flagella (active) Flagella antigen specific in vitro inhibition of motility using antiflgella Holder et al., 1986 
Highly purified flagella

(active and passive) 
Flagella antigen specific in vitro inhibition of motility using antiflagellar 
scrum; flagella antigen specific ↑ survival (burned or scalded mice) Montie et al., 1987 

Pili (active) ↑ Survival with challenge strain from which pili isolated (scalded rats) Sato et al., 1988 
Monoclonal antibody to partially 

purified flagella (passive) 
Flagella antigen specific in vitro inhibition of motility; flagella antigen 
specific ↑ survival (burned mice) 

Ochi et al., 1991 

—————————————————————————————————————————————————————————————————————————— 

Table 6: Protection studies using high-molecular-weight polysaccharide (HMWP) immunisation 
—————————————————————————————————————————————————————————————————————————— 

Valency (Type of Immunisation)	 Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Active and passive (monovalent)	 ↑ Protection, serotype specific (mice) Pier et al., 1978 
Active and passive (monovalent)	 ↑ Survival, homologous protection (mice) Pier et al., 1981 
Active and passive (divalent)	 ↑ Survival; some but not complete cross-protection (mice) Pier, 1982 
Active and passive (divalent)	 Strong, serotype specific and weakly cross-reactive antibody response Pollack et al., 1984 

to active immunisation; cross protective ↑ LD50; 
serotype specific ↑ survival with passive immunisation (mice) 

Active (monovalent)	 ↑ Serotype specific protection; 1000-fold more HMWP needed for Cryz et al., 1984 
protection compared to LPS (mice) 

—————————————————————————————————————————————————————————————————————————— 
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The success or failure of these efforts 
remains to be seen. 

In another effort to avoid some of the 
pitfalls of the use of LPS vaccines to
prevent and treat P. aeruginosa infec-
tions, several investigators turned to the
use of high molecular weight polysac-
charides as potential vaccine candidates
using both active and passive immu-
nological procedures (Table 6). Several
animal studies attest to the potential effi-
cacy of this type of immunisation (Pier 
et al., 1978, 1981; Pier, 1982; Pollack et 
al., 1984; Cryz et al., 1984). Despite this,
there does not seem to be any con-
temporary interest in this type of immu-
notherapy for the prevention and treat-
ment of Pseudomonas infections. 

Because of the association between 
mucoid P. aeruginosa and the patho-
genesis of these infections in cystic fi-
brosis patients, interest was generated in
using Pseudomonas alginate (Woods 
and Bryan, 1985; Pier et al., 1990) and
mucoid exopolysaccharide (Pier et al., 
1990, 1994; Johansen et al., 1994) as
immunogens to prevent and treat P. 
aeruginosa infections in this patient
population (Table 7). Despite some en-
couraging results in animal studies, the
clinical application of these vaccines has
not been realised. 

For at least two decades there has 
been considerable interest in the use of a 
variety of outer membrane proteins as
immunogens for the prevention of P. 
aeruginosa infections (Gilleland et al., 
1984; Hancock et al., 1985; Matthews-
Greer and Gilleland, 1987; von Specht 
et al., 1995,1996a,b; Finke et al., 1990; 
Fox et al., 1994; Hughes and Gilleland,
1995; Mansouri et al., 1999; Lee et al., 
1999,2000; Knapp et al., 1999; Jang et 
al., 1999; Kim et al., 2000). Part of the
reason for this is that outer membrane 
proteins are exposed on the Pseudo-
monas cell surface, and at least one,
protein F, is conserved and antigenically
related in all serotype strains. Encour-

aging results have been obtained in a 
wide variety of animal studies using ei-
ther intact animal models (Gilleland et 
al., 1984; Hancock et al., 1985; von 
Specht et al., 1996a; Finke et al., 1990)
or animal models that represent a num-
ber of clinically relevant circumstances:
Burns (Matthews-Greer and Gilleland,
1987; von Specht et al., 1996a; Jang et 
al., 1999) and other immunosuppressed
patient populations (von Specht et al., 
1995; Knapp et al., 1999) and acute 
(Fox et al., 1994) and chronic lung dis-
ease (Hughes and Gilleland, 1995) (Ta-
ble 8). More progress has been made in
translating outer membrane protein vac-
cines successes in animal models to the 
human circumstance than any other P. 
aeruginosa virulence factor. Immunisa-
tions with outer membrane proteins have
been shown to cause large, long-lived
increases in antibody titre (Lee et al., 
1999; Mansouri et al., 1999; Jang et al., 
1999) and to be safe (Kim et al., 2000) 
and well tolerated (von Specht et al., 
1996; Mansouri et al., 1999). Further,
outer membrane proteins were shown to
be generated after immunisation in burn
patients (Kim et al., 2000). IgG prepared
from these burn patients increased pro-
tection when used for passive immuni-
sation of normal and burned mice in-
fected with P. aeruginosa. Current in-
terest in these types of vaccines contin-
ues. 

From the earliest days of research
into immunotherapy for P. aeruginosa
infections, multicomponent (Kawaha-
rajo and Homa , 1977; Okada et al., 
1980; Holder and Neely, 1989; Gille-
land et al., 1993; Matsumoto et al., 
1998) or conjugate vaccines (Tsay and 
Collins, 1984; Cryz et al., 1986; Gille-
land et al., 1993) have been developed
(Table 9). The fact that development of
multicomponent and conjugate vaccines
continues to the present day speaks to
the relevance that many investigators see
in this approach. Many of the earlier 

63 



  

 

 

 
 

 

 

 

Table 7: Protection studies using alginate/mucoid exopolysaccharide immunisation 
—————————————————————————————————————————————————————————————————————————— 
Type of Immunisation Results	 Reference 
—————————————————————————————————————————————————————————————————————————— 
Active ↑ Antibody production; ↑ bacterial clearance associated with ↑ in alginate

antibody, inconsistent results (rat agar bead, chronic lung infection model) 
Woods and Bryan, 1985 

Active ↑ Growth of bacteria in lung but only with immunising dose which 
generated opsonising antibody (rat agar bead, chronic lung infection model) 

Pier et al., 1990 

Active Significantly fewer % of lungs infected - bacteria completely cleared;
pathologic changes from acute to chronic-type inflammatory response in
lungs (rat agar bead, chronic lung infection model) 

Johansen et al., 1994 

Active Immunogenic, well tolerated; elicited long lived opsonic antibodies;
mediated opsonic killing of heterologous mucoid strains (human volunteers) 

Pier et al., 1994 

—————————————————————————————————————————————————————————————————————————— 

Table 8: Protection studies using outer membrane protein (OMP) immunisation 
—————————————————————————————————————————————————————————————————————————— 
Immunogen (Type of Immunisation)	 Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Protein F (active and Passive)	 3-fold ↑ LD50 (mice) Gilleland et al., 1984 
Monoclonal antibody to protein F 2-3 fold ↑ LD50 (mice) Hancock et al., 1985 

(passive [pre-infection]) 8-fold ↑ LD50 (burned mice) 
Proteins F and H (active)	 Significant ↑ survival with protein F but not protein H immunisation Matthews-Greer and 

(scalded mice) Gilleland, 1987 
Proteins F, H2 and I mixture (active)	 2-26-fold ↑ LD50 with different challenge strains due to 30-60% von Specht et al., 1996a 

variation in animals response to immunisation (mice) 
Lipoprotein I (active)	 4-5-fold ↑ LD50 (mice) Finke et al., 1990 
—————————————————————————————————————————————————————————————————————————— 
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Table 8 (continued): Protection studies using outer membrane protein (OMP) immunisation 
—————————————————————————————————————————————————————————————————————————— 
Immunogen (Type of Immunisation)	 Results Reference 
—————————————————————————————————————————————————————————————————————————— 

Protein F (active) Significant ↓ in severe pulmonary lesions - significant ↓ in lung 
compliance (rat agar bead, chronic lung infection model) 

Fox et al., 1994 

Recombinant F and I fusion proteins 
(active and passive) 

Significant ↑ in LD50 (cyclophosphamide immunosuppressed and
SCID (mice) 

von Specht et al., 1995 

Synthetic peptides of protein F (active) Significant ↑ survival with 2/3 peptides tested - intranasal immunisation 
(mouse acute pneumonia model) 

Hughes and Gilleland, 1995 

Protein I – express in E. coli (active) Immunisation well tolerated; significant ↑ in titres; 
long lived (human volunteers) 

von Specht et al., 1996b 

Protein F: protein I hybrid (active) Significant ↑ in antibody; elevated antibody still measurable 6 months 
after last vaccination; well tolerated (human volunteers) 

Mansouri et al., 1999 

Mixed OMP (passive) Affinity purified anti-OMP from pooled human IgG using mixed OMP; 
antibody purified from burn patient sera, as well. Both antisera
enhanced opsonic phagocytosis of P. aeruginosa, in vitro. 
Passive administration of IgG ↑ LD50 in mice-IP challenge 

Lee et al., 1999 

Mixed OMPs (active [humans],
passive [mice]) 

Phase I/IIa clinical trial in healthy male volunteers and significant ↑ in 
OMP-specific antibody; higher in IM than SC immunised; 
↑ protection in normal and burned mice 

Jang et al., 1999 

Protein F: protein I hybrid expressed in 
E. coli (active and passive) 

↑ Protection by both active and passive immunisation 
(SCID mice—IP challenge) 

Knapp et al., 1999 

Mixed OMPs (active [humans], Active immunisation in burn patients; serum from immunised patients Lee et al., 2000 
passive [mice])	 showed high opsonophagocytic activity; ↑ survival in mice - IP challenge 

Mixed OMPs (burned patients)	 Tested immunisation schedules found 1.0 mg doses at 3-day intervals safe Kim et al., 2000 
and effective in conferring protection against P. aeruginosa bacteraemia 

—————————————————————————————————————————————————————————————————————————— 
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Table 9: Protection studies using multicomponent/conjugate preparation immunisation 
—————————————————————————————————————————————————————————————————————————— 
Immunogen (type of Immunisation) Results Reference 
—————————————————————————————————————————————————————————————————————————— 

saccharide: exotoxin A conjugate (active) ↑ survival (burned mice) 

OEP: toxoids of elastase and protease;
alone and in combination (active) 

↑ Survival; combined immunisation no better than single component 
immunisation (tail-burned mice) 

Kawaharajo and Homa, 1977 

OEP: elastase, protease and exotoxin A
toxoids (active) 

↑ Survival; challenge strain dependent (burned mice) Okada et al., 1980 

Low molecular weight polysaccharide:
albumin (active and passive) 

↑ Survival with homologous strain infection (burned mice) Tsay and Collins, 1984 

Monovalent high molecular weight: poly- ↑ Circulating homologous 0 serotype LPS+ exotoxin A antibody; Cryz et al., 1986 

Hyperimmune globulin: antitoxin: ↑ Survival when used together compared to individual treatments Holder and Neely, 1989 
protease inhibitors (passive) (burned mice) 

Octavalent HMWP: exotoxin A ↑ Circulating IgG to exotoxin A + all serotypes contained in vaccine; Cryz et al., 1989 
conjugate (active) ↑ protection after infection with all serotypes contained in vaccine (mice) 

Elastase: exotoxin A: outer membrane Reduced severe pulmonary lesions–no better than protein F vaccine alone Gilleland et al., 1993 
protein F (active) (rat agar bead, chronic lung infection model)

Alginate: toxin A conjugate (acute) Significantly fewer % of lungs infected—bacteria completely cleared; Johansen et al., 1994 
pathologic changes from acute to chronic-type inflammatory response
in lungs (rat agar bead, chronic lung infection model) 

Octavalent 0 polysaccharide: toxin A High titre antibody response associated with lower incidence of Cryz et al., 1997 
conjugate (active) infection (six year follow-up in non Pseudomonas colonised CF patients) 

Toxoids of elastase: alkaline protease: No protection when used separately; ↑ survival in combination Matsumoto et al., 1998 
exotoxin A (active) (gut derived sepsis in cyclophosphamide immunosuppressed specific

pathogen-free mice) 
—————————————————————————————————————————————————————————————————————————— 
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Table 10: DNA vaccine approaches to Pseudomonas aeruginosa immunisation 
—————————————————————————————————————————————————————————————————————————— 

DNA encoding gene (type of immunisation) Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Type B flagellin (active) ↑ Survival in burned P. aeruginosa infected mice using gene gun to

immunise; no ↑ when immunisation via IM route 
Baker et al., 1999 

Outer membrane protein F (active) ↑ In opsonic activity in immune sera; ↓ in macroscopic lung lesions 
and bacteria in immunised mice (agar bead chronic lung infection model) 

Price et al., 2001 

Mutated exotoxin A gene producing immuno-
logically active but non-lethal toxin (active) 

Neutralisation of exotoxin A in vitro; significant survival in immunised 
(gene gun) mice challenged with 13 x LDs exotoxin A 

Denis-Mize et al., 2000 

Modified exotoxin A gene (active) Protection of mice from intoxication with lethal dose of exotoxin A Shiau et al., 2000 
—————————————————————————————————————————————————————————————————————————— 

Table 11: Additional immunological approaches 
—————————————————————————————————————————————————————————————————————————— 
Immunogen Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Pooled monoclonal antibodies directed against Safe and well tolerated by 8 pneumonia, 4 burns and 8 patients with Harrison et al., 1997 

0-saccharide of Pseudomonas aeruginosa sero- both burns and pneumonia. Too few patients to assess efficacy but 
type E, core saccharide of LPS from clinical impression of improvement 
P. aeruginosa serotypes A, G, F, H, K, and
flagellin type b (passive) 

Two epitopes from P. aeruginosa elastase (active) 50-70% reduction in lung histopathologic changes with one of the Sokol et al., 2000 
two peptides. Protection when lung challenged with Burkholderia
 cepacia as well as with P. aeruginosa (rat agar bead, chronic lung
infection model) 

—————————————————————————————————————————————————————————————————————————— 
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vaccines consisted of toxins of known 
Pseudomonas virulence factors, e.g.,
proteases, elastases, and exotoxin A, to-
gether with some form of cell wall-asso-
ciated materials (Kawaharajo and 
Homa , 1977; Johansen et al., 1994; 
Okada et al., 1980; Holder and Neely,
1989; Gilleland et al., 1993; Cryz et al., 
1997; Matsumoto et al., 1998). Many of
these early studies were done in mice,
burned mice, in particular (Kawaharajo
and Homa, 1977; Okada et al., 1980; 
Tsay and Collins, 1984; Cryz et al.,
1986; Holder and Neely, 1989). More
recently, conjugate vaccines were shown
to be effective in animal models of 
chronic lung infections (Gilleland et al.,
1993) and gut-derived infection in im-
munosuppressed mice (Matsumoto et 
al., 1998). A recent clinical study follow-
up has shown promising results, with
high titre antibody response associated
with a low incidence of infection in 
cystic fibrosis patients (Cryz et al.,
1997). Current interest in this type of
approach to the prevention and treatment
of P. aeruginosa infection remains high.

In recent years a novel approach to
anti-infectious agent vaccinology has
been described: DNA vaccines and ge-
netic immunisation. Genetic immunisa-
tion uses plasmids that express bacterial
proteins in eucaryotic cells, and this
eliminates the laborious methods of 
protein purification and potential for
LPS contamination. In genetic immuni-
sation, the gene for the target protein is
cloned into a eucaryotic expression
plasmid, usually under the control of a
viral promoter such as the cytomegalovi-
rus promoter. Cells that take up the ex-
pression plasmid produce the target
protein. The predominant immune re-
sponse induced depends on the target
protein, the construct, the route of im-
munisation, and the amount of plasmid
injected. Most genetic immunisation 
studies have been targeted toward vi-
ruses, intracellular bacterial pathogens, 

and pathogenic protozoa and thus have
focused on stimulating strong cellular
responses. However, some DNA vaccine
studies have been directed to the 
elaboration of antibodies to protein
virulence-associated factors from P. 
aeruginosa (Table 10). DNA immuni-
sation has been shown to be effective in 
enhancing protection in burned mice
using flagellin B as the immunogen
(Baker et al., 1999) and in a model of
chronic lung infection using outer 
membrane protein F as the immunogen
(Price et al., 2001). Further, results from
DNA immunisation studies using exo-
toxin A as the immunogen, demon-
strated that antisera from the immunised 
mice neutralised the activity of exotoxin
A, in vitro (Denis-Mize et al., 2000) and
protected the animals from death by in-
toxication when given lethal doses of
toxin (Denis-Mize et al., 2000; Shiau et 
al., 2000). Some difficulties in DNA
vaccination derive from finding appro-
priate virulence factor genes to clone and
choosing the best way to administer the
vaccine. Results have varied according to
whether DNA vaccines were delivered 
by gene gun or intramuscularly (Baker 
et al., 1999; Price et al., 2001). While
this approach is intriguing and has great
potential, its practical application in the
clinical arena remains to be seen. 

Some additional, novel immunologic
approaches have been tested recently
(Table 11). These include preliminary
testing, in pneumonia and burn patients,
of the use of combined monoclonal an-
tibodies to a variety of P. aeruginosa 
virulence antigens (Harrison et al., 
1997) and an animal study which 
showed reduced severity of experimental
lung infection in animals immunised
with an to epitope of Pseudomonas 
elastase (Sokol et al., 2000). Although
the monoclonal antibodies were shown 
to be well tolerated and safe in a few pa-
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Table 12: Type III secretion/intoxication proteins 
—————————————————————————————————————————————————————————————————————————— 

Immunogen (Type of Immunisation) Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Purified translocation protein PcrV

(active and passive) 
Decreased lung inflammation and injury; significant ↑ survival 
(mouse acute lung infection model) 

Sawa et al., 1999 

Purified translocation protein PcrV (active) Significant ↑ survival; O serotype non-specific; supplemental antitoxin 
treatment necessary for significant enhanced long-term survival when
challenge made using very high exotoxin A generating strain (burned mice) 

Holder et al., 2000, 2001 

Anti PcrV ab (passive) Complete survival; lethal airspace infection (mice); ↓ lung injury; Shime et al., 2001 
bacteraemia and plasma TNF-α; significant improvement in haemodynamic
parameters associated with shock (rabbit model of septic shock) 

Monoclonal antibody to PcrV (passive) Prevented sepsis and death (acute lung infection model in mice) Frank et al., 2002 
—————————————————————————————————————————————————————————————————————————— 

Table 13: Immunisation via the mucus membrane route 
—————————————————————————————————————————————————————————————————————————— 

Immunogen used (route) Results Reference 
—————————————————————————————————————————————————————————————————————————— 
Serotype specific LPS (GI tract)  ↑ Survival in both burned mice and chronic lung infection models (Holder et al., 1992) 

Killed serotype specific whole cells (GI tract) ↑ Serotype specific survival; antibody to exotoxin A necessary for (Schryvers et al., 1987) 
↑ survival when challenge was with high exotoxin A producing strain
(burned mice) 

Live attenuated aroA deletion mutant (nasal) ↑ Protection (acute pneumonia model; mice) (Priebe et al., 2003)
hybrid outer membrane protein F-1 vaccine Induction of IgG and IgA in sera; safe and well tolerated (human volunteers) (Larbig et al., 2001) 
(nasal) 

—————————————————————————————————————————————————————————————————————————— 
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tients with pneumonia and burns 
(Harrison et al., 1997), the full efficacy
of such immunologic treatment has yet
to be demonstrated in large, double-
blind clinical trials. 

Besides the novel immunologic ap-
proaches cited above, research in recent
years has shown that the type III secre-
tion and intoxication system is a viru-
lence factor for P. aeruginosa. Type III-
mediated intoxication consists of three 
functional sets of genes encoding secre-
tion and chaperone proteins, proteins
involved in the translocation of effectors 
to the cytoplasm of eucaryotic cells, and
the effector toxic proteins themselves.
Type III proteins have been shown to be
necessary for P. aeruginosa virulence in 
mouse models, both of acute lung injury
and burn wound infection. Further in 
both of these models, immunisation us-
ing the purified type III translocation
protein, PcrV, enhanced survival when
mice were challenged with lethal doses
of P. aeruginosa (Table 12). In both the
mouse-infected lung model (Sawa et al., 
1999) and the burned mouse model 
(Holder et al., 2000, 2001), passive and
active immunisation proved effective.
However, in the burned mouse model,
supplemental immunisation using anti-
toxin was necessary for full protection
in PcrV immunised burned mice in-
fected with a strain producing high
amounts of exotoxin A (Holder et al.,
2000). Additionally, passive treatment
with anti-PcrV antibody improved sev-
eral physiological parameters of septic
shock in a study which used a Pseudo-
monas induced lung injury model in
rabbits (Shime et al., 2001). Further,
monoclonal antibody generated against
PcrV protein prevented sepsis and death
when used as a passive treatment for 
infected mice (Frank et al., 2002). The
success of both active and passive PcrV
immunisation in enhancing survival and
reducing negative consequences of in-

fection in animal models of very diverse
P. aeruginosa infections - lung, burn 
wound and septic shock - suggest that
further exploration of type III proteins
as immunogens against P. aeruginosa
infections in human patients is war-
ranted. 

In reviewing proposals for immu-
nological approaches to the preven-
tion/treatment of P. aeruginosa infec-
tions, one additional aspect, not related
to the specific immunogens used, should
be considered. Over a decade ago, it was
demonstrated, and more recently
substantiated, that immunological
protection could be obtained by pre-
senting Pseudomonas antigens to the
host via mucus membranes (Holder et 
al., 1992; Schryvers et al., 1987; Larbig
et al., 2001; Priebe et al., 2003) (Table
13). Results from the earlier studies
demonstrated that feeding serotype -
specific killed P. aeruginosa cells 
(Holder et al., 1992) or LPS (Schryvers
et al., 1987) conferred protection in both
burned mouse and chronic lung infec-
tions. Further, incorporating the protein
immunogen, exotoxin A into food pel-
lets fed to mice lead to increases in cir-
culating anti-exotoxin IgG and IgM and
the mice were protected against lethal
exotoxin A challenge (Holder et al.,
1992). Recently, nasal immunisation
using an attenuated aro A deletion mu-
tant enhanced protection in an acute
pneumonia model in mice (Priebe et al.,
2003) and the safety and immunogenic-
ity of an outer membrane protein vaccine
was demonstrated, in humans, via this
route of immunisation (Larbig et al., 
2001). Thus, it appears that Pseu-
domonas immunisation can be achieved 
by presenting a variety of Pseudomonas 
protective antigens to the host via its
mucus membranes located in the GI 
tract or nasal passages. Because of that,
this novel means of establishing immu-
nological protection against various 
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Pseudomonas infections, apparently re-
gardless of the immunogen used, should
be investigated further.

This review gives some insight into
the interest that has been engendered in
immunologic approaches to the preven-
tion and treatment of P. aeruginosa in-
fections in a wide variety of clinical cir-
cumstances. The search has gone on for
several decades and continues today.
Some approaches have been discarded
as unfruitful, e.g.: those that used cell
wall components, LPS, individual exo-
products, ribosomes, high molecular 
muco-exopolysaccharides, alginate, etc.
On the other hand, some approaches are
being pursued, actively, today. For ex-
ample, a flagella vaccine study has just
been completed in cystic fibrosis pa-
tients and results should be available in 
the next several months (Gerd Doring,
personal communication). Further, outer
membrane protein immunisation has
moved out of laboratory and animal
studies into safety, efficacy and toler-
ance studies in human volunteers (von 
Specht et al., 1996b; Mansouri et al., 
1999; Jang et al., 1999; Kim et al., 2000) 
and limited trials in some patient
populations (Lee et al., 1999, 2000). In
addition, a conjugate polysaccharide,
toxin A, vaccine has shown promise in
reducing P. aeruginosa infection in 
cystic fibrosis patients (Cryz et al., 

1997). These studies should and are 
being pursued further.

Future development of vaccines for
the prevention of Pseudomonas infec-
tions looks promising with clearer un-
derstanding of the role that Type III in-
toxication proteins play in the patho-
genesis of Pseudomonas infections and 
the fact that some of these proteins may
be used as immunogens for a vaccine
(Sawa et al., 1999; Holder et al., 2000,
2001). Further, the new use of DNA 
vaccines holds great hope in the future
development of immunotherapy for the
prevention of P. aeruginosa infections 
in a variety of patient populations (Baker 
et al., 1999; Denis-Mize et al., 2000; 
Shiau et al., 2000; Price et al., 2001). An
additional consideration for future 
Pseudomonas vaccine development
would be studies on how, best, to 
present different immunogens to the 
host by the route which is the safest and
provides the highest and most protective
antibody titre, as well. Studies on the 
presentation of immunogens via the mu-
cus membrane route should be high on
this “to study” list.

In conclusion, although no Pseudo-
monas vaccine has made its way into
common clinical use yet, the search 
continues and, currently, the goal seems
more attainable. 
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PSEUDOMONAS AERUGINOSA INFECTIONS*
 

U. BAUMANN1, E. MANSOURI2, and B.-U. VON SPECHT2 

1Medizinische Hochschule Hannover, Abteilung Pädiatrische Pneumonologie und
Neonatalogie, Hannover, Germany, and 2Chirurgische Universitätsklinik Freiburg,

Chirurgische Forschung, Freiburg, Germany 

SUMMARY 

A vaccine against Pseudomonas aeruginosa based on recombinant 
outer membranes has been developed. After intramuscularly injection
into patients with severe burns, antibodies against P. aeruginosa were 
induced. Vaccination was well tolerated. Intranasal application of the
vaccine into volunteers induced specific sIgA antibodies. We conclude
that the newly developed vaccine may be suitable for protection of the
main risk groups of P. aeruginosa infections. In particular for the pro-
tection of burn patients and patients with cystic fibrosis. 

INTRODUCTION 

Pseudomonas aeruginosa represents Pseudomonas frequently proves diffi-
a leading cause of nosocomial infections cult due to antibiotic resistance and the 
and pneumonia in hospitals (Gallagher ability to form a biofilm in case of 
and Watanakunakorn, 1989; Gordon et chronic infection (Hanberger et al.,
al., 1998; Holder, 1988; Holzheimer et 1997; Hancock, 1986; Hoiby et al.,
al., 1990; Pennington, 1994) pathogen 2001; Hsueh et al., 1998; Srikumar et 
affects mainly immunocompromised al., 1988; Tassios et al., 1998).
patients, such as patients with large Clearance of P. aeruginosa in sys-
burns (McManus et al., 1985; Pruitt et temic infection is mediated predomi-
al., 1984, 1998) or patients under im- nantly by antibodies of the IgG1 isotype
munosuppressive or cytostatic therapy and by complement-dependent opsoni-
for the prevention of organ rejection af- sation (Hong and Ghebrehiwet, 1992).
ter transplantation (Korvick et al., 1991) Secretory IgA antibodies are likely to be
or for cancer treatment (Griffith et al., the first line of defence (McGhee et al.,
1989). Also compromised local defence 1999) for prevention of adherence and
mechanisms, such as an impaired muco- subsequent infection of mucosal tissues
ciliary clearance in patients with cystic like the lung, the urogenital tract or the
fibrosis (Burns et al., 2001) artificial paranasal sinuses. A clinical vaccine 
ventilation or paraplegia can enhance the against P. aeruginosa, therefore, should
susceptibility to pulmonary P. aerugi- induce protective antibodies of both
nosa infections. The eradication of isotypes. 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 840-847 (2004). All references should be made to
the original article. 
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Since the 1960s a number of experi-
mental vaccines were developed and
tested for the prevention of P. aerugi-
nosa infections in burn patients. The
most promising of the vaccines tested 
were the two vaccines based on 
lipopolysaccharides (LPS) as antigens
(PseudogenTM, a heptavalent preparation,
and PEV-01 a 16-valent vaccine). Both
vaccines appeared to effectively stimu-
late the induction of antibodies against
all O-serotype strains contained in the
vaccine when tested in burn patients and
lead to a reduction of mortality from P. 
aeruginosa infection in this group of 
patients (Alexander and Fisher, 1974; 
Jones et al., 1979; Miller et al., 1977).
Clinical studies with PseudogenTM vac-
cine were also carried out in patients
with cystic fibrosis (CF), malignancies,
and in intensive care patients with respi-
ratory failure. However, both LPS vac-
cines did not meet the approval for rou-
tine clinical use because of their toxicity
associated with their lipid A fraction.
Subsequently, subunit vaccines based on
purified oligosaccharides from LPS and
conjugated to P. aeruginosa exotoxin 
(Cryz et al., 1987a,b,1988) or mucoid 
exopolysaccharide [alginate] (Pier,
1982,1985,1994,1997) or isolated fla-
gella were shown to be less toxic and
have been successfully shown to elicit
antibodies in a number of volunteers and 
patient groups (C r y z  et al.,
1987a,b,1988; Pier, 1982,1985,1994,
1997). However, currently there is still
no approved vaccine against P. aerugi-
nosa available for routine use for which 
safety and efficacy have been shown in
clinical trials in patients from one of the
major risk groups of P. aeruginosa in-
fection. 

Our research over the last decade has 
focused on the development of a vaccine
against P. aeruginosa based on the 
outer membrane proteins [OPRs] of P. 
aeruginosa. A vaccine based on OPRs 
may have several advantages. First, they 

are highly conserved and induce a cross
protective immunity among all 17 
known P. aeruginosa serotypes
(Mutharia et al., 1982; von Specht et al.,
1987). Second, OPRs can be produced
by recombinant DNA technology free of
contaminating LPS. Third, the cloned
genes of OPRs would be applicable for
naked DNA immunisation (Cohen,
1993; Donnely et al., 1994; Price et al.,
2002) or could be transfected into spe-
cial vectors like non-pathogenic Salmo-
nella strains to induce a mucosal im-
mune response (Kraehenbuhl and Neu-
tra, 1992; Toth et al., 1994). The effi-
cacy of OPRs as a vaccine candidate 
was shown by us and other research 
groups (Finke et al., 1990, 1991; Gille-
land et al., 1984,1988; Matthews-Greer 
and Gilleland, 1987; von Specht et al.,
1987,1995) in various animal models.
We have cloned the major OPRs, outer
membrane protein F (OprF) (Duchêne 
et al., 1988) and outer membrane protein
I (OprI) (Duchêne et al., 1989). After
identification of the protective epitopes
on both proteins we have generated a
recombinant hybrid protein consisting
of the entire OprI molecule fused to the
carboxy terminal sequence (aa 190-342)
of OprF (von Specht et al., 1995). The
hybrid protein comprised the presence
of the main known protective epitopes
(Gabelsberger et al., 1997; Gilleland et 
al., 1995; Gilleland and Gilleland, 1995; 
Hancock and Wong, 1997). A modified
histidine tagged hybrid protein Met-Ala-
(His)6OprF190-342-OprI21-83, resulted in a
synergistically enhancement of protec-
tion in an immune suppressed mouse
model (von Specht et al., 2000). Subse-
quently two vaccine formulations for
different clinical applications were de-
veloped. A systemic vaccine formulation
aimed for protection by means of IgG
isotype antibodies against systemic in-
fections like in burn patients. It consists
of Met-Ala-(His)6OprF190-342-OprI21-83 
adsorbed to Al(OH)3. The second for-
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mulation was designed for protection by
the induction of s-IgA antibodies against
mucosal infections, like isolated lung
infections in Cystic Fibrosis patients.
The mucosal vaccine is based on a 
nasally applicable gel, produced by
mixing the Met-Ala-(His)6OprF190-342-

OprI21-83 protein with sodium dodecyl-
sulfate (SDS) and aerosil. In this article,
we summarise the data we recently gen-
erated with both vaccine types in phase 1
and phase 2 clinical trials in volunteers
and selected patient groups. 

METHODS
 

Expression of  Met-Ala-(His)6
OprF190-342-OprI21-83 protein in E. coli 
and purification

The expression and purification of
Met-Ala-(His)6OprF190-342-OprI21-83 pro-
tein has been described in detail (Man-
souri et al., 1999). 

Vector 
The recombinant vector pTrc-His-F-

I, carrying the hybrid gene encoding
parts of OprF and OprI from P. aerugi-
nosa, was constructed as described pre-
viously (Gabelsberger et al., 1997). The
vector was transfected into E. coli XL-1 
Blue bacteria and the expression of Met-
Ala-(His)6OprF190-342-OprI21-83 protein
induced using standard procedures
(Ausubel et al., 1997). 

Purification 
Forty grams cell wet mass was lysed

by one passage through a Gaulin press
at 1,200 psi. The cell extract was clari-
fied at 48,000 x g for 90 min at 4°C and 
passed through a 0.45 µm filter. The
crude extract was purified by affinity
chromatography on a Ni-NTA super-
flow column. The specific eluate was
concentrated by centrifugation in 
MACROSEP 10 units by a factor of 3.
The pH of this eluate was lowered to 5.9
by adding 0.02 mol/L NaH2PO4 mono-
hydrate, pH 3.0, incubated at 4° C over-
night and than clarified for 10 min at
4°C and 5000 x g to precipitate the
lipopolysaccharides. The pH was re-ti-
trated to 7.0-7.2 by adding a 0.1 N 

NaOH solution drop wise. The neutral-
ised protein solution was filter (0.22
µm) sterilised and stored at 4°C over-
night. Finally, the purified protein was
concentrated to about 1 mg/ml by ultra
filtration using a stirred Amicon cell and
a YM10 membrane and then extensively
dialysed against sterile, pyrogen-free
PBS at 6°C for 20 h. 

Vaccine preparation 1 (Parenteral
vaccine) (Mansouri et al., 1999)

Recombinant OprF-OprI was ad-
sorbed to Al(OH)3,  (AlhydrogelTM), Su-
perfos, Vedbaek, Denmark and Thi-
merosal (Caesar & Lorenz, Hilden,
Germany) was added as a preservative.
A Thimerosal stock solution was pre-
pared, using a sterile, pyrogen-free
physiological saline solution. For the 1
mg/ml vaccine preparation, a dispersion
of 3% [w/v] of Al(OH)3 was mixed with 
the OprF-OprI solution and the Thi-
merosal stock solution to yield final
concentrations of OprF-OprI: 1 mg/ml,
Al(OH)3: 3 mg/ml and Thimerosal: 0.05
mg/ml. Al(OH)3 and the OprF-OprI
solution were mixed and stirred for 30 
min, and the Thimerosal solution was
then added. This was followed by addi-
tional stirring for 10 min. For the 0.1
mg/ml OprF-OprI vaccine preparation,
pyrogen-free physiological saline solu-
tion was added to yield final concentra-
tions of 0.1 mg/ml OprF-OprI, 0.3 
mg/ml Al(OH)3 and 0.05 mg/ml Thi-
merosal. Aliquots of one ml were asep-
tically introduced into sterile pyrogen-
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free glass vials, and the vials stoppered
and sealed. 

Vaccine Preparation 2 (Mansouri et 
al., 1997)

80 mg Met-Ala-(His)6OprF190-342-
OprI21-83 protein were mixed with 0.54 g
sodiumdodecylsulfate and 0.6 g aerosil.
The emugel was stirred three times for
one minute at 300 rpm in an UMC 5-
stirring machine. Aliquots were asepti-
cally introduced into sterile pyrogen-free
cryovials and stored at 4°C. 

Safety evaluations
The identity and purity of the Met-

Ala-(His)6OprF190-342-OprI21-83  protein
and the expression of the relevant epi-
topes was assessed by western blot 

analysis and epitope specific mono-
clonal antibodies as described in detail 
recently. After intramuscularly injection
of vaccine preparation 1 and after intra-
nasal application of vaccine 2 into rats
no signs of histopathological changes 
were detectable (Mansouri  et al., 
1997,1999).

All volunteers and patients gave their
informed written consent in accordance 
with institutional review board-approved
protocols. As specified by the German
regulations for vaccine studies, protocols
concerning the preparation of the 
vaccine and the laboratory and animal
safety testing of the vaccine were de-
posited at the Paul Ehrlich Institute,
Langen, Germany. 

VACCINATION STUDY 1: DOSE FINDING AND SAFETY STUDY IN
 
HUMAN VOLUNTEERS (Mansouri et al., 1999)
 

Subjects and study plan
Thirty-two healthy volunteers (16

male; 16 female; >18 years of age) were
randomly allotted to 4 groups. All vol-
unteers received three consecutive injec-
tions of the vaccine into the deltoid 
muscle of the left arm with 20 µg (0.2
ml of 100 µg/ml), 50 µg (0.5 ml of 100
µg/ml), 100 µg (0.1 ml of 1 mg/ml) or
500 µg (0.5 ml of 1 mg/ml) OprF-OprI,
respectively, at 4-week intervals and a 
fourth injection after six months at the
same dose. All volunteers underwent a 
physical examination and had histories
taken to rule out any conditions which
would have necessitated exclusion from 
the study. Before, two and 14 days after
each vaccination, blood samples were 
taken and sent to the clinical laboratory
for a complete blood count and evalua-
tion of the liver specific enzymes, 
creatinine and urea. Reactions to the 
vaccine were assessed for 3 consecutive 
days and documented by the volunteers.
The local and systemic responses were 

graded on a subjective scale of 0 to 3,
with the respective scores representing
absent, mild, moderate and severe reac-
tions. The vaccinees were instructed to 
take their temperature before and 12, 24,
48 and 72 hours after vaccination. In 
addition, each volunteer underwent a
physical examination two days after
vaccination. For the determination of 
OprF-and OprI-specific antibodies, ve-
nous blood samples were taken on day 0
(prior to immunisation), and two weeks
after each vaccination. 

Analysis of the immune response
Before and two weeks after each vac-

cination antibody titres against OprI,
OprF and OprF-OprI were determined
by ELISA. A significant increase in an-
tibody titres within all the different dos-
age groups could be measured. The
specificity of the antibodies against na-
tive P. aeruginosa OprF and OprI was
confirmed by Western blotting (data not
shown). Wild type OprI (6kD) and 
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Table 1: IgG antibody titres against OprF-OprI in volunteers vaccinated with 100 µg vaccine
dose data are summarised from Mansouri et al., 1999 

——————————————————————————————————————— 
Day Vaccinations given IgG antibody titre [mean (SD)] 

——————————————————————————————————————— 
0 0 200
 

14 1 1218 (623)
 
42 2 1503 (448)
 
70 3 3645 (505)
 

——————————————————————————————————————— 

OprF (33kD) were both recognised by
the immune sera. Considerable differ-
ences were observed between the dosage
groups and also between volunteers be-
longing to the same dosage group.

Statistical analysis showed that after
only one vaccination a maximal re-
sponse was observed for the groups
which had received the 100 µg (table 1)
or the 500 µg dose. No statistically sig-
nificant increase of specific antibody
titter was measured in these groups after
the first and second revaccination. After 
vaccination with the 20µg OprF-OprI
dose, a significant antibody response
was measured only after revaccination.
Six months after the third vaccination 
the antibody titres against OprF-OprI
were still significantly elevated in all
groups. A further booster vaccination
after 6 month induced a 3-10 fold in-
crease of the specific antibody titres
(Table 1).

 Systemic protection against P. aeru-
ginosa is mediated in humans predomi-
nantly by specific IgG1 antibody and
both antibody-mediated and comple-

ment-mediated phagocytosis (Hong and 
Ghebrehiwet, 1992). To address the 
question whether the vaccine would be
protective in patients, IgG subclasses of
antibodies against OprF-OprI were de-
termined. In all groups a significant in-
crease in IgG1 antibodies was observed.
In addition binding of serum C1q on P. 
aeruginosa coated plates was tested by 
ELISA (Eckhardt et al., 2003) before
immunisation and after the third vacci-
nation. A significant increase of C1q
binding to antibodies was detected after
the third vaccination in all 26 sera tested. 

The ability of the OprF-OprI vaccine
to boost the opsono-phagocytic efficacy
of the sera of the volunteers was meas-
ured by incubation of viable P. aerugi-
nosa bacteria (ATCC strain 27313) with
the sera of the volunteers before and 
after the third vaccination. The OprF-
OprI hybrid protein vaccine demon-
strated the ability to boost the opsono-
phagocytic activity of the antisera ob-
tained from 73% of the volunteers tested 
by this assay (Mansouri et al., 1999). 

CLINICAL TRIAL IN BURN PATIENTS (Larbig et al., 2001) 

Study population
Eight adult burn patients with the

following inclusion/exclusion criteria:
Inclusion criteria: Age between 18-60
years, II° or III° burn, burns covering
between 35% and 55% of the total body
surface, ABSI score (Tobiasen et al., 

1982) between 6 and 10.
Exclusion criteria: Patients with any

concomitant diseases, patients with 
electrical burns, adults whose case re-
cords include a former confirmed infec-
tion with P. aeruginosa, suspected or 
documented hypersensitivity against one 
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Figure 1: Anti OprF-OprI specific antibody in sera of burn patients detected by ELISA. Patients
were vaccinated intramuscularly with 100 µg OprF-I three times at days 0, 7 and 21. 

of the substances used in the vaccine or 
any chemically related substances or 
pregnancy. 

Dose and administration 
OprF-OprI was given as an intra-

muscularly injection into the left upper
arm, if not possible due to a burn injury
the right side was taken. If both arms
were burned we applied the vaccines into
the gluteal muscle. As far as possible we
sticked to the administration schedule: 1 
ml OprF-I (=100 µg) into the left arm,
0,5 ml Tetanol (Tetanus-Toxoid, at least
40 I.E per ml, Chiron Behring,
Germany) injection into the right arm, 1
ml Tetagam injection (100-170 mg
Immunglobulin, Chiron Behring,
Germany) into the left gluteal muscle.
The 100 µg dose was chosen because it
has been demonstrated to be effective 
and adequate to induce sufficient 
antibodies against OprF-I in our 
volunteer study (Mansouri et al., 1999).

Local and systemic responses were
graded with a scale from 0 to 3, with
scores representing absent, mild, moder-

ate, and severe reactions, respectively.
Body temperature, blood pressure and
heart rate were measured before vacci-
nation and 1, 2, 4 and 24 h after each
vaccination. In addition, each patient un-
derwent a physical examination 2 days
after vaccination. 

Response to vaccination in burn pa-
tients 

Antibody titres against OprF-OprI
and tetanus were determined by ELISA
before each vaccination and at days 7,
16, 21 and 35. Eleven patients were en-
rolled and received at least 2 vaccina-
tions. The patients were 21 to 60 years
of age (2 females and 9 males). The
mean age of all patients was 39 years.
Three out of the 11 patients died during
the study time because of cardiovascular
complications. Eight patients received
the three scheduled doses of the vaccine 
and completed all the post vaccination
follow-up visits, and the data on these
patients are presented in this study. The
burned skin areas covered between 35 
and 48% (mean 38%) of the body sur-
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Figure 2: Antibody response against Tetanus toxoid. Patients were vaccinated at the day of ad-
mission to the hospital. Antibody response was measured at days 7, 16, 21 and 35. 

face. The ABSI score was between 7 
and 10 (mean 8). Those patients, who
died during the study suffered from the
largest burn surfaces (46% or above)
and had the highest ABSI scores (9 or
higher). The serological tests (ELISA)
for detection of antibodies against P. 
aeruginosa and tetanus toxoid showed 
for 7 patients seroconversion (= at least
3 times higher titre than the pre-vaccina-
tion value). The kinetics of the serum 

antibody against OprF-I and the tetanus
toxoid responses are given in Figures 1
and 2. 

The vaccine was well tolerated. No 
serious side effects were observed. The 
vaccination did not appear to enhance an
inflammatory response in the burn pa-
tients. None of the subjects acquired
systemic P. aeruginosa infections dur-
ing or after the treatment of their burns. 

MUCOSAL VACCINATION TRIAL IN VOLUNTEERS 
(Göcke et al., 2003) 

Study subjects and study plan
Twelve healthy male volunteers 

(mean age 24.3, range 21.8 to 26.7 
years) were included in this study. Ex-
clusion criteria were, beside current or
chronic conditions, a previous P. aeru-
ginosa infection. Serum and saliva were 
assayed for total IgG and IgA to exclude
undiscovered humoral immune defects. 
100 µl of the emulgel, containing 1 mg
OprF-I were applied to the concha 

nasalis for the mucosal vaccination,
while the systemic vaccination was 
performed by injection of 1 ml, con-
taining 100 µg OprF-I, into the deltoid
muscle. 

We compared two vaccination sched-
ules, one with three consecutive nasal
vaccinations at three weeks intervals, the
other a combined mucosal/systemic
schedule with two nasal vaccinations 
followed by a systemic booster, also at 
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Figure 3: Increase in serum antibody levels against OprF-I of P. aeruginosa of IgG and IgA iso-
type (A and B, respectively) after 3 consecutive nasal (”mucosal booster”) or two consecutive nasal
vaccinations followed by a systemic booster (”systemic booster”). For further details of the study
see ” Mucosal vaccination trial in volunteers” in the text and reference (Göcke et al., 2003). 

three weeks intervals. The participants
were randomly assigned to the two 
schedules (n=6 per group).

The volunteers were monitored for 
adverse effects for 5 days after each
vaccination by physical examination,
blood samples, and body temperature.
The induction of OprF-I-specific anti-
bodies was analysed by comparing
blood and saliva samples obtained prior
to the primary and 4 weeks after the
second booster vaccination. OprF-I-
specific antibodies were determined as
described previously (Mansouri et al., 
1999). 

Results of the mucosal vaccination 
study

Apart from a brief local discomfort
(burning, tickling in the nose and ten-
sion in the muscle) and an occasional
episode of fever of less than 24 hrs (n=3
in 36 vaccinations), no adverse effects
were observed. All vaccinees showed a 
seroconversion irrespective of the 
vaccination schedule. The systemic
booster elicited OprF-I-specific IgG
antibody titres in serum twice as high as
the nasal booster, while specific IgA
antibodies did not differ between both 
vaccination groups (Figure 3). The 
different booster schedules appeared not
to affect the levels of mucosal antibodies 
as obtained in saliva (Göcke et al.,
2003). 
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DISCUSSION
 

As already pointed out in the intro-
duction, P. aeruginosa i s  a leading
cause of morbidity and mortality in im-
munocompromised patients. The patho-
gen can cause severe and often fatal
sepsis in burn patients, cancer patients
receiving chemotherapy or transplant
patients treated with immunosuppressive
drugs. Beside causing septicaemia P. 
aeruginosa infections occur frequently
in organs suffering from a local im-
pairment of immune barriers. P. aerugi-
nosa is the main cause of nosocomial 
pneumonia in the United States (Pen-
nington, 1994). Chronic lung infection
by mucoid strains of P. aeruginosa is 
the leading cause of death in CF-patients
(Koch and Hoiby, 1993). Other risk 
groups are patients with artificial 
ventilation or paraplegia for lung infec-
tion and carriers of contact lenses for 
eye infection with P. aeruginosa. 

Systemic vaccination with LPS based
vaccines against P. aeruginosa was 
shown in the 1960s to reduce the inci-
dence of P. aeruginosa sepsis and to
reduce the mortality from this organism
(Alexander and Fisher, 1974; Jones et 
al., 1979; Miller et al., 1977). However, 
due to endotoxic complications these
vaccines were not approved for routine
clinical use. We developed a vaccine 
based on recombinant outer membrane 
proteins. The protective efficacy of na-
tive outer membrane proteins of P .  
aeruginosa against P. aeruginosa in-
fection has been shown in animal mod-
els by us and various other research
groups, and recently in burn patients by
researchers of the Cheil Jedang Corp.
(Korea) (Finke et al., 1991,1990; Gille-
land et al., 1984,1988; Matthews-Greer 
and Gilleland, 1987; Jung et al., 2000; 
Kim et al., 2000). However trace con-
taminations with P. aeruginosa LPS in 
this native outer membrane preparations
induced LPS specific antibodies and 

resulted in systemic and local side ef-
fects by the vaccination (Kim et al.,
2000).

We therefore choose the recombi-
nant approach. A hybrid protein carry-
ing the known protective epitopes of the
main outer membrane proteins F and I
was expressed in E. coli. Systemic vac-
cination of volunteers and burn patients
was well tolerated. Even after the 500µg
dose none of the volunteers reported any
adverse effects like fever or local 
oedema. In burn patients the 100µg vac-
cine dose was able to induce an antibody
response against the vaccine in 7 of the
8 treated patients. Seroconversion 
against Tetanus toxoid was observed in
the same 7 patients and did also not oc-
cur the patient not responding to OprF-
OprI vaccination. All patients had a 
continuous haemodynamic monitoring
during the observation period. No signs
for an activation of the mediator cascade,
like fever or increase of heart rate was 
observed. Beside the primary vaccina-
tion of patients at the time point of the
delivery to the hospital, risk groups like
soldiers, or patients waiting for an organ
transplantation could be prophylactically
vaccinated. 

In chronically infected CF-patients 
serum IgG antibodies against outer 
membrane proteins and LPS can be de-
tected at very high titres. At this stage
the patients are obviously unable to clear
the pathogen from the airways despite
the presence of high levels of antibodies.
Since colonisation of the upper res-
piratory tract seems to precede the pul-
monary infection in CF (Johanson et al., 
1979; Burns et al., 2001) and IgA is the
predominant isotype on the mucosal 
surface of the upper airways (Pilette et 
al., 2001) induction of secretory IgA on
the airway mucosa may play a critical
role for the prevention of adherence and
subsequent colonisation of the patho-
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genic microorganism (Johanson et al.,
1979). Induction of s-IgA antibodies is
particularly enhanced by presentation of
the antigen at local inductive sites of the
mucosa, like the Peyer’s patches in the
gut or the lymphatic tissue in the nose.
Antibody secreting B-cells (ASC) pref-
erentially migrate to effector tissues cor-
responding to the inductive site (Butcher 
and Picke, 1996). The expression of
mucosal homing receptors is a prerequi-
site for the induction of mucosal immu-
nity. It should be noted that IgG pre-
dominates in the lower airways (Quid-
ing-Jabrink et al., 1997; Kim and Malik,
2003). An ideal vaccine, therefore, would
induce high titres of both, local IgA in
the upper airways, and IgG in the lower
airways. While an oral or intestinal 
immunisation almost exclusively
induces antibody-secreting ASC with a
mucosal homing pattern, nasal immuni-
sation was shown to induce a more 
promiscuous pattern of the ASC with
IgA secreting mucosal ASC, and IgG
secreting systemic ASC (Kim and Malik,
2003). Nasal vaccination has been 
shown to induce specific antibodies in
the lower respiratory tract (Rudin et al., 
1999) and to be protective in mice 
against pneumococcal infection (Hval-
bye et al., 1999). In our mucosal vacci-
nation study we investigated if intranasal
application of the OprF-I vaccine would
induce the desired s-IgA antibodies in
the mucosal of the upper airways secre-
tions together with a systemic IgG re-
sponse in humans. Supporting the po-
tential of a nasal vaccine, the nasal 
OprF-I immunisations induced high 

levels of systemic and mucosal anti-
bodies of IgA and IgG isotype as ob-
tained in serum and saliva. Since a sys-
temic booster following a mucosal pri-
mary was shown to enhance both the
systemic and the mucosal immune re-
sponse, we investigated a further sched-
ule with a systemic booster replacing the
second mucosal booster (Muszkat et al.,
2000). In our volunteer trial, the sys-
temic booster further enhanced the se-
rum IgG response without compromis-
ing the induction of specific s-IgA anti-
bodies in saliva. Moreover, according to
preliminary data obtained from induced
sputum samples, the systemic booster
appears to enhance even the specific IgA
levels at the pulmonary airway surface
(Baumann et al., 2002).

A mucosal vaccine augmenting the
sIgA protection in the respiratory tract
may be beneficial also for other patient
groups. Patients undergoing major sur-
gery or other severe stress show a com-
promised oropharyngeal barrier func-
tion, a frequent upper airway colonisa-
tion with P. aeruginosa and an in-
creased risk of a P. aeruginosa pneu-
monia (Johanson et al., 1972,1979).

This patient group has increased 
considerably during the last decades.

In summary we believe that the re-
sults from our phase 1 and 2 studies
summarised in this report are in support
of a further development of the Met-Ala-
(His)6OprF190-342-OprI2 1 - 8 3  Pseudo-
monas vaccine to a clinical use in the 
major risk groups like burn patients and
CF patients. 
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ACTIVE AND PASSIVE IMMUNISATION AGAINST
 
CLOSTRIDIUM DIFFICILE DIARRHOEA AND COLITIS*
 

PAUL J. GIANNASCA and MICHEL WARNY 

Acambis Inc., Cambridge, Massachusetts, USA 

SUMMARY 

Clostridium difficile, a Gram-positive bacterium, is the major cause
of hospital-acquired infectious diarrhoea and colitis in industrialised
nations. C. difficile colonisation results from antibiotic administration 
and subsequent loss of protection provided by intestinal flora. C. diffi-
cile-induced colitis is caused by the release of two exotoxins, toxin A
and B. Host factors including advanced age, pre-existing severe illness
and weakened immune defences predispose individuals to symptomatic
infection. The generation of antibody responses to toxin A through
natural exposure is associated with protection from disease. In addition,
an inability to acquire immunity to toxin A puts individuals at risk for
recurrent and/or severe disease. Immunological approaches for the
management of this disease are being developed which could reduce the
reliance on antibiotics for treatment and allow for re-establishment of 
the natural barrier provided by an intact commensal flora. An active vac-
cine and various immunotherapeutic strategies under evaluation may
prove to be effective against severe or relapsing C. difficile infection. 

INTRODUCTION 

Clostridium difficile is a Gram-posi- epithelial cells and produces two large
tive, anaerobic, spore-forming bacterium exotoxins (toxins A and B), which are
that is commonly found in the environ- principally responsible for the disease
ment. The organism is transmitted by manifestations associated with this 
the faecal-oral route through the inges- infection. C. difficile is currently the
tion of resistant spores that survive pas- most frequent cause of nosocomial in-
sage through the stomach, ultimately fectious diarrhoea (McFarland et al., 
residing in the colon. Antimicrobial 1989; Kelly et al., 1994) and is respon-
therapy creates an ecological niche, sible for an estimated $1 billion in 
which allows C. difficile spores to ger- health care costs annually in the US
minate in the colon. The bacterium alone (Kyne et al., 2002).
colonises the luminal surfaces of colonic 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 848-856 (2004). All references should be made to
the original article. 
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INCIDENCE, RISK FACTORS AND MODES OF TRANSMISSION
 

The incidence of C. difficile carriage
in the healthy adult population is ~1-
3%. The rate of colonisation increases 
substantially to ~20% with antibiotic
usage (McFarland et al., 1989), due to
the alteration of the protective commen-
sal flora. Up to 60% of healthy neonates
and infants are colonised with C. difficile 
without clinical symptoms (Larson et 
al., 1982; Viscidi et al., 1981). The total 
number of C. difficile-associated 
diarrhoea (CDAD) cases is estimated to
be at least 300,000 annually in the US.
The incidence can be higher in hospitals,
nursing homes and other long-term care
facilities where CDAD outbreaks occur. 
In such settings, diarrhoea helps dis-
seminate the spores that can be found on
environmental surfaces, equipment and
staff clothing and can be difficult to 

eradicate. Viable spores have been cul-
tured from various surfaces years after
being deposited (Fekety et al., 1981; Kim 
et al., 1981). Such contamination 
constitutes a continuous source of in-
fection for those at risk for CDAD. A 
variety of factors increase the risk of
acquiring CDAD. The most important
factor is antibiotic therapy with certain
agents, but advanced age (>65), serious
underlying illness, an institutional set-
ting and immunodeficiency due to AIDS
or chemotherapy, also increase the risk
of developing disease. Despite the fact
that up to 31% of high-risk hospitalised
patients are colonised with C. difficile,
only a subset develops disease 
symptoms (McFarland et al., 1989; 
Samore et al., 1994). 

CLINICAL SYMPTOMS, DIAGNOSIS AND TREATMENT
 

C. difficile colonisation of adults 
produces a spectrum of clinical symp-
toms ranging from asymptomatic car-
riage to life threatening pseudomembra-
nous colitis. Diarrhoea often appears 1-
2 weeks after initiation of antibiotic 
therapy, which can be accompanied by
modest fever and abdominal cramping.
Moderate or severe colitis develops in a
subset of patients and the most serious
form of the infection, pseudomembra-
nous colitis, carries the risk of intestinal
perforation and death.

The diagnosis of C. difficile infection 
most commonly relies on the detection
of toxin in stool filtrates. A toxin-spe-
cific enzyme-linked immunosorbent as-
say (ELISA) is often employed due to
the quick turn-around time and ease of
use. The most sensitive and specific test
measures the cytotoxic activity in stool
supernatants but this method takes up to 

3 days for results and requires cell cul-
ture capabilities. The anaerobic culture
of C. difficile from stool does not neces-
sarily aid in diagnosis since non-toxi-
genic strains exist and these are not as-
sociated with disease. However, this
method is useful for identifying isolates
that are toxin assay negative but are 
toxigenic under appropriate growth
conditions and also for defining the
asymptomatic carrier state.

The treatment of CDAD typically in-
volves the cessation of the offending
antibiotic, initiation of oral metronida-
zole or vancomycin therapy and fluid
replacement. Metronidazole is generally
considered a first-line therapeutic for
CDAD due to cost and the concern that 
oral vancomycin might induce the emer-
gence of vancomycin-resistant en-
teropathogens. The response rate to ini-
tial therapy is ~95% but up to 20% of 
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patients relapse within 1-2 weeks of
completing a course of antibiotics 
(Teasley et al., 1983). The risk of re-
lapsing disease increases markedly with
each additional relapse such that indi-
viduals who have experienced two or
more relapses have a 65% risk of further
recurrence (McFarland et al., 1994). In
one study, it was found that over 50% of
the relapse incidents are due to re-
infection with a different C. difficile 
strain rather than recrudescence of the 
primary infection (Wilcox et al., 1998). 

C. difficile organisms isolated following 
a recurrent episode are sensitive to 
antimicrobial therapy, indicating that
relapsing disease is not due to the 
acquisition of antibiotic resistance. 
Further exposure to C. difficile and/or
the imbalance in the normal intestinal 
flora perpetuated by metronidazole or
vancomycin therapy likely contribute to
the development of relapsing disease.
Host factors associated with protection
from primary and recurrent CDAD will
be discussed below. 

TOXIN STRUCTURE AND MECHANISMS OF ACTIONS
 

C. difficile is a non-invasive organism
which possesses multiple virulence fac-
tors that aid in colonisation and may
promote disease. These include various
adherence factors such as flagellar pro-
teins (Tasteyre et al., 2001), surface 
layer proteins (Calabi et al., 2002), and a
surface-exposed adhesin (Waligora et 
al., 2001). In addition, all pathogenic
strains of C. difficile express one or two
large exotoxins (A and B) and the ma-
jority expresses both toxins. Toxin A
(308 kDa) and toxin B (270 kDa) ex-
hibit 49% amino acid identity. These
toxins belong to the large clostridial
cytotoxin (LCT) family (von Eichel-
Streiber et al., 1996; Warny and Kelly,
2003). This family includes Clostridium 
sordellii haemorrhagic and lethal toxins 
and Clostridium novyi alpha toxin. LCT 
family members are structurally and
functionally related proteins with the
following properties: 1) high molecular
weight; 2) an amino-terminal enzymatic
domain; 3) a central hydrophobic re-
gion; and 4) a carboxy-terminal domain
carrying carbohydrate recognition se-
quence repeats. The C-terminal region
functions as a multivalent lectin which 
recognises host cell surface carbohy-
drate receptors. This high avidity bind-
ing allows for internalisation by target 

cells via receptor-mediated endocytosis
in clathrin-coated pits (von Eichel-Strei-
ber et al., 1996). Certain cultured cell
lines do not possess toxin receptors yet
these cells effectively internalise toxin A
and B (presumably by fluid-phase en-
docytosis) and become intoxicated, but
this requires higher toxin concentrations
than for receptor-bearing cells (Tucker 
et al., 1990). Oligosaccharide receptors
for toxin A are expressed on the apical
membranes on intestinal epithelia of
small animals (hamsters, rabbits and
certain mouse strains) and in humans. A
toxin B receptor has not been identified,
which is consistent with the insensitivity
of animals to toxin B incubated admin-
istered orally (see below). The central
hydrophobic region is believed to be
necessary for the translocation of the
toxins from endocytic vesicles into the
cytoplasm, where the toxins interact with
their GTPase substrates. Following en-
dosomal acidification, the toxins un-
dergo structural changes that expose the
hydrophobic region (Qa'Dan et al.,
2000), forming potassium permeable
channels which facilitate translocation to 
the cytosol (Barth et al., 2001). The en-
zymatic domain catalyses the transfer of
glucose from UDP-glucose as donor 
molecule to threonine 35/37 of members 
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of the Rho family of small GTP-binding loss of actin cytoskeletal network is le-
proteins (including Rho, Rac, cdc42) thal to cells and causes a distinctive 
(Just et al., 1995a,b). This covalent ad- rounded cell phenotype, which is ex-
dition irreversibly inactivates these pro- ploited for the diagnosis of toxigenic C. 
teins, which regulate the actin cy- difficile in stool filtrates. 
toskeleton, among other functions. The 

ROLE OF TOXINS IN DISEASE 

Studies in animals have contributed 
greatly to our understanding of the 
pathogenicity of toxins A and B. When
administered orally, the purified toxins
are capable of inducing the full spectrum
of disease manifestations typical of C. 
difficile infection. Purified toxin A 
possesses potent enterotoxic and pro-
inflammatory activity, as determined in
ligated loop studies in mice, rats, ham-
sters and rabbits (Kurtz et al., 2001; Ly-
erly et al, 1982) Toxin A is also cyto-
toxic to cultured cells in low nanogram
quantities. By contrast, toxin B does not
exhibit enterotoxic activity in animals
but is a more potent cytotoxin than toxin
A (von Eichel-Streiber et al., 1996). 
When administered intragastrically,
toxin A is lethal to mice and hamsters 
but toxin B is not (Lyerly et al., 1985).
The toxins appear to act synergistically
when co-administered by the intragastric
route, suggesting that toxin A may ini-
tially affect epithelial integrity allowing
entry of the more potent cytotoxin, toxin
B. Indeed, after mechanically compro-
mising the epithelial barrier, toxin B can
cause systemic toxicity and death (Ly-
erly et al., 1985). The hamster is a natu-
ral model of C. difficile diarrhoea and 
colitis and some laboratory colonies ex-
perience outbreaks of C. difficile infec-
tion (Chang and Rohwer, 1991). A sin-
gle dose of oral clindamycin to hamsters
followed by intragastric inoculation with
toxigenic C. difficile organisms pro-
duces fulminant disease symptoms (di-
arrhoea, ruffled fur, lethargy, etc) leading 

to death within 2-3 days. Necropsy
reveals severe haemorrhagic caecitis.
This model of C. difficile diarrhoea and 
colitis is a stringent test for vaccines and
immunotherapies.

By contrast to the observations with
toxin-producing strains, intragastric ad-
ministration of culture filtrates from 
non-toxigenic strains does not result in
disease (Lyerly et al., 1985), confirming
the principal role of the toxins in the
pathogenicity of C. difficile. Recently,
certain related strains (serogroup F)
have been shown to possess a toxin A-
B+ phenotype. Examination at the ge-
netic level revealed that these strains do 
not have an intact toxin A gene but do 
express an unusual variant toxin B 
(Chaves-Olarte et al., 1999). Strains of
this phenotype have been associated
with clinical disease, suggesting that
toxin B alone can cause intestinal 
symptoms in humans (Alfa et al., 2000; 
Johnson et al., 2001; Limaye et al., 
2000). Ex vivo studies using human
colonic explants indicated that toxin B
can induce a loss in transepithelial re-
sistance and pro-inflammatory cytokine
signalling consistent with enterotoxic
activity (Riegler et al., 1995). In addition,
toxin B was recently found to possess
enterotoxic and pro-inflammatory
activity in human intestinal xenografts in
immunodeficient (scid) mice (Savidge et 
al., 2003). The enterotoxic potential of
toxin B in humans is an important con-
sideration for the design of vaccines and
immunotherapies, as discussed below. 
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VACCINATION WITH C. DIFFICILE TOXOIDS IN ANIMAL MODELS
 

One approach to defining the roles of
toxins A and B in the pathogenesis of C. 
difficile infection has been to examine 
the protective capacity of toxin-specific
immunity in animals. 

Active vaccination 
Animals have been vaccinated with 

various forms of C. difficile toxoids 
ranging from crude culture filtrates to
partially purified preparations. Hamsters
vaccinated parenterally with formalin-
inactivated toxins (toxoids) A and B in
culture filtrate, but not individual toxoids
in culture filtrate, were protected from
lethal ileocaecitis induced with clin-
damycin and toxigenic C. difficile 
(Fernie et al., 1983; Kim et al., 1987; 
Libby et al., 1982). Kim et al. (1987)
found that toxoid A plus B and toxoid A
alone (but not toxoid B) similarly pro-
tected hamsters from fatal C. difficile 
challenge, while culture filtrate from
non-toxigenic C. difficile strains did not 
confer protection. Although the different
immunisation schemes, antigen dose
levels and adjuvant formulations em-
ployed in these studies make direct
comparisons of these findings difficult,
the protection afforded by toxin-specific
immunity was clear.

The rapid onset of fulminant, lethal
disease in hamsters represents a rigor-
ous test of vaccine-induced immunity
because of the requirement to neutralise
the enterotoxicity, mucosal damage and
inflammation mediated by the toxins as
well as the systemic toxicity due to tox-
ins entering the circulation. While initial
vaccine studies used protection from
lethal disease as the primary efficacy
measure, more detailed assessments of
protection from enterotoxicity and diar-
rhoea were carried out which provided
proof-of-principle in support of the de-
velopment of an effective vaccine against
CDAD. An evaluation of the routes of 

delivery of an inactivated culture filtrate
vaccine in hamsters assessed protection
from both lethal disease and diarrhoea 
and found that a sequential combination
of intranasal and intraperitoneal immu-
nisation with vaccine plus cholera toxin
and Ribi adjuvants, respectively, pro-
vided complete protection from death
and diarrhoea, suggesting that induction
of both systemic and mucosal immunity
was necessary for optimal protection
(Torres et al., 1995).

Using a more purified toxoid prepa-
ration, various clinically compatible vac-
cination regimens were tested in ham-
sters to determine the routes of admini-
stration capable of eliciting protection
from death and diarrhoea (Giannasca et 
al., 1999). The combination of rectal 
immunisation with E. coli heat-labile 
toxin adjuvant and intramuscular (i.m.)
administration with alum provided full
protection from C. difficile challenge,
irrespective of the sequence employed.
Intranasal or intragastric vaccination in
combination with i.m. administration 
was partially protective against diar-
rhoea, as was i.m. vaccination with alum.
While assessing the requirement of
alum adjuvant during i.m. administra-
tion, it was unexpectedly found that the
toxoid preparation without adjuvant was
best able to consistently protect ham-
sters from diarrhoea and death of all the 
regimens tested, and it elicited high lev-
els of serum toxin A and B neutralising
activity, as determined in the cell culture
assay. No detectable anti-toxin antibod-
ies were found in saliva or faeces, sug-
gesting that serum antibodies were the
principal effector molecules.

In order to define the domains of the 
large toxins that contain protective epi-
topes, recombinant peptides have been
generated and evaluated in small animal
models. A large portion of the cell-
binding domain of toxin A was cloned 
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and expressed in E. coli (Price et al.,
1987). This 104 kDa polypeptide re-
tained its ability to agglutinate rabbit
erythrocytes. Antibodies raised against
this peptide neutralised the enterotoxic
activity of native toxin A in the rabbit
intestinal loop assay (Lyerly et al., 1990)
and a mAb (PCG-4) generated with this
antigen had similar neutralising activity
(Lyerly et al., 1986). When hamsters
were vaccinated with this peptide, partial
protection from death and diarrhoea due
to C. difficile challenge was observed,
thereby establishing a role for this toxin
A domain in protective immunity. An-
other polypeptide from this cell-binding
domain of toxin A was generated and
used to explore the intranasal route of
immunisation in mice (Ward et al.,
1999a). This antigen induced specific
antibodies in both serum and lung lav-
age fluid but not in small intestinal se-
cretions. 

Because C. difficile disease manifes-
tations in humans are largely confined to
the intestinal mucosa, delivery systems
capable of presenting non-toxic domains
of toxin A to intestinal immune 
induction sites have been explored.
Various length polypeptides spanning
the cell-binding domain of toxin A were
expressed as fusions with tetanus toxin
C fragment in an attenuated Salmonella 
typhimurium vaccine strain known to be 
effective against murine typhoid disease
(Ward et al., 1997). Following intra-
gastric (i.g.) immunisation of mice, it
was found that one construct containing
14 toxin A carbohydrate recognition
domain (CRD) repeats generated serum
anti-toxin A responses. Using a less at-
tenuated aro A, aroD S. typhimurium
host strain given to mice by the i.n. or
i.g. routes, these 14 CRD repeats gener-
ated toxin A-binding and -neutralising
antibodies in serum (W a r d  et al.,
1999b). Analysis of pulmonary and in-
testinal lavage samples subsequent to
i.n. or i.g. vaccination, respectively, re-

vealed that toxin A-specific IgA was in-
duced. Using another live vector delivery
system, 720 amino acids comprising
most of the toxin A cell-binding domain
was expressed as a fusion protein with
the signal sequence of E. coli haemo-
lysin A in an attenuated Vibrio cholerae 
vaccine strain and used to orally immu-
nise rabbits (Ryan et al., 1997). It was
found that anti-toxin A serum IgG anti-
bodies were induced and protection
from enterotoxicity was demonstrated
using the ligated ileal loop assay. The
host range specificity of these live vec-
tors limits their evaluation to susceptible
species, making it difficult to compare
with findings generated in the hamster
model. 

Passive immunisation 
Because active vaccination elicits both 

cellular and humoral immune responses,
passive vaccination with immune sera
has been employed to define the relative
roles of the two branches of the immune 
system in protection from C. difficile 
diarrhoea and colitis. 

Oral administration 
Toxin-mediated diseases typically

require the production of toxin-specific
antibodies for protection. Because C. 
difficile intoxication begins with release
of toxin molecules at the luminal sur-
faces of the caecum and colon, investi-
gators have examined whether anti-toxin
preparations administered orally could
neutralise enterotoxicity. Bovine anti-
bodies have been tested as a means to 
provide protection against various en-
teric pathogens following oral delivery
(Korhonen et al., 2000). A C. difficile 
bovine IgG concentrate was prepared by
immunising gestating cows with culture
filtrate toxoid and processing the re-
sulting colostrum. This antibody for-
mulation contained toxin binding and
neutralising activity and was able to pre-
vent diarrhoea and death in hamsters 
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when administered before and during
clindamycin/C. difficile challenge (Kelly
et al., 1996; Lyerly et al., 1991).

In order to define the toxin polypep-
tide domains which could elicit anti-
bodies with protective activity when de-
livered orally, Kink and Williams (Kink 
and Williams, 1998) created multiple 
recombinant peptides that together
spanned the entire toxin proteins. These
peptides were used to immunise hens
for the production of egg IgY antibodies,
which were orally administered to 
hamsters to assess passive protection 
from CDAD in a prophylactic and 
therapeutic setting. They observed that
antibodies to the cell-binding domains
of both toxins were most effective in 
eliciting toxin-neutralising antibodies.
Administration of anti-toxin A neutral-
ising antibodies alone prior to challenge
was sufficient to prevent disease, while
neutralising antibodies to both toxins
was required for complete therapeutic
protection from death and diarrhoea.
Furthermore, hamsters effectively treated
with antibodies did not develop
relapsing disease months after treatment
was halted. 

Parenteral administration 
Early C. difficile studies established a 

principal, if not exclusive, role for hu-
moral immunity in protection from dis-
ease. Prior to the availability of C. diffi-

cile toxin-specific antisera, C. sordellii 
anti-toxin was tested for cross-reactivity
and passive immune protection in ham-
sters (Allo et al., 1979). This anti-toxin
preparation neutralised the cytotoxicity
of C. difficile toxins and was able to 
fully protect animals from death while
significantly preventing diarrhoea when
administered by the i.m. route on three
consecutive days surrounding clin-
damycin challenge. These observations
suggested that circulating antitoxin 
could indeed confer protection from
enterotoxicity. However, the very high
antitoxin doses administered perhaps
clouded the physiological relevance of
these results. 

The ability of circulating anti-toxin
IgG to mediate intestinal protection was
further established by subsequent stud-
ies in mice and hamsters. The intrave-
nous administration of IgG monoclonal
antibodies directed against the cell-
binding domain of toxin A to gnotobi-
otic mice and subsequent oral challenge
with C. difficile resulted in complete
protection from death and diarrhoea
(Corthier et al., 1991). Polyclonal anti-
bodies with toxin neutralising activity
induced with toxoid vaccine were ad-
ministered to hamsters by the i.p. route
and were able to protect animals from
oral challenge in a dose-dependent
manner (Giannasca et al., 1999). 

MECHANISMS OF PROTECTION IN ANIMAL MODELS
 

The ability of an antitoxin antibody
preparation to convey full protection
from oral C. difficile challenge in mice
and hamsters indicates that antibodies 
are the essential effector molecules in 
these animal models. The oral admini-
stration of toxin-specific antibodies is
capable of neutralising the enterotoxic-
ity and mucosal inflammation caused by
the toxins presumably by intercepting
the toxins in the intestinal lumen 

rendering them inactive. This “immune
exclusion” likely models the action of
secretory antibodies elicited via mucosal
vaccination with toxoid or natural expo-
sure to C. difficile toxins. Indeed, colo-
nic aspirates from C. difficile patients
were shown to possess toxin A-specific
secretory IgA capable of inhibiting
toxin A binding to receptors (Kelly et 
al., 1992).

The ability of serum antibodies to 
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prevent enterotoxicity and mucosal
damage is mechanistically less obvious.
The protective role for circulating anti-
bodies in C. difficile animal models 
suggested that toxin-specific IgG was
the critical effector molecule because of 
the elevated IgG titres relative to IgA
and IgM levels, but the contribution of
IgA or IgM antibodies could not be
dismissed. Furthermore, rodents in-
cluding mice and hamsters possess an
efficient hepatobiliary transport system
for serum IgA and IgM, which directs
substantial amounts of polymeric im-
munoglobulins into the intestinal tract
(Delacroix et al., 1985; Vaerman and 
Langendries, 1997). Accordingly, the
most conclusive evidence for the role of 
anti-toxin IgG in protection from en-
terotoxicity was provided by the i.v. 
administration of monoclonal IgG to 
gnotobiotic mice (Corthier et al., 1991).
While the precise mechanism by which
anti-toxin IgG neutralises enterotoxicity
has not been established, the direct ef-
fects of the toxins on epithelial cells
probably play a role. Toxins A and B 

have been shown to increase the perme-
ability of polarised intestinal epithelial
cells (Hecht et al., 1988,1992) through
the specific inactivation of Rho proteins
which regulate tight junctions and their
interaction with the actin cytoskeleton.
Thus, the barrier function of intestinal
epithelium appears to be highly sensi-
tive to the action of the toxins and the 
increase in epithelial permeability may
lead to enhanced paracellular transport
of soluble molecules including anti-
bodies. In support of this hypothesis,
intravenously-administered anti-toxin A
monoclonal was detected in the caecal 
contents of gnotobiotic mice following
oral challenge with toxigenic C. difficile 
but not in unchallenged mice (Corthier 
et al., 1989). If this model is correct, the
“leakage” of serum proteins into the
intestinal lumen can occur in the ab-
sence of fluid loss (diarrhoea) or gross
changes in the epithelium, as described
for hamsters protected by parenteral
immunisation with different toxoid vac-
cine preparations (Giannasca et al., 
1999; Kim and Rolfe, 1989). 

ANTIBODY RESPONSES TO TOXINS IN HUMANS
 

Many healthy adults (~60%) have
detectable serum IgG and IgA to toxins
A and B (Viscidi et al., 1983) despite
only a small population (2-3%) being
colonised (Kelly and Lamont, 1998), as
determined by culturing stool on selec-
tive media. It is not known if the pre-
vailing responses in adults are a reflec-
tion of childhood exposure or sub-clini-
cal infection(s) as adults. The ability to
mount an effective immune response
following exposure to C. difficile ap-
pears to impact the course of disease
expression. Indeed, only a small pro-
portion of high-risk hospitalised patients
develop symptomatic infection while up
to 31% are colonised with C. difficile 
(McFarland et al., 1994; Samore et al., 

1994). Following symptomatic infection,
many individuals develop anti-toxin A
and B antibodies in serum (Viscidi et al., 
1983; Aronsson et al., 1985), including
toxin neutralising IgA (Johnson et al., 
1995), as well as in stool and this 
response appears to be associated with
protection from subsequent infection.
The important role of acquired immunity
to this disease is supported by the 
observations that individuals with 
recurrent C. difficile diarrhoea were 
found to mount poor anti-toxin 
responses despite repeated exposure to
these antigens (Aronsson et al., 1985; 
Leung et al., 1991; Warny et al., 1994).
A comprehensive prospective analysis of
hospitalised patients receiving antibiotics 
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revealed that the development of anti-
toxin A IgG in the serum of colonised
patients was associated with 
asymptomatic carriage of C. difficile 
(Kyne  et al., 2001). Patients who 
developed elevated serum anti-toxin A
IgG titres in response to colonisation
were 48 times less likely to suffer from
diarrhoea than those who did not. Fur-
thermore, patients who developed circu-
lating antitoxin A IgG antibodies soon
after a primary episode of C. difficile 
diarrhoea were much less likely to expe-
rience recurrent diarrhoea (Kyne et al., 
2000). Thus, two recent prospective
studies strongly suggest that the mag-
nitude and kinetics of the IgG response
to toxin A play an important role in de-

termining the clinical outcome of C. dif-
ficile infection. 

These data also raise the intriguing
possibility that circulating anti-toxin A
IgG antibodies may act as effector 
molecules in immune protection from C. 
difficile diarrhoea in humans. The ob-
servation that total stool IgG levels are
elevated in patients with C. difficile diar-
rhoea (Warny et al., 1994), consistent
with the results previously described in
experimentally-infected mice (Corthier 
et al., 1989), allows one to speculate that
serum exudation may facilitate access of
circulating antibodies to the intestinal
lumen where antibody neutralisation of
enterotoxicity and protection of the in-
testinal mucosa may occur. 

IMMUNOLOGICAL APPROACHES TO CLINICAL MANAGEMENT
 

Because antimicrobial therapy is the
principal inciting agent for CDAD, the
need for non-antibiotic approaches for
the clinical management of this disease
is apparent. Interventions that allow for
the restoration of the commensal flora 
and exploit its protective effect hold the
greatest promise for primary prevention
and secondary prophylaxis. Active and
passive immunisation strategies are be-
ing developed which may yield effective
alternatives to anti-microbial therapy for
use in certain clinical settings. 

Active vaccination 
The development of an investigational

vaccine comprised of a partially purified
preparation containing inactivated toxins
A and B is in progress. This parenteral
toxoid vaccine was recently tested in
young, healthy volunteers for safety and
immunogenicity (Kotloff et al., 2001). 
The C. difficile vaccine was administered 
by intra-muscular injection to volunteers
at one of three dose levels (6.25 mg, 25
mg, and 100 mg) with or without alumi-
num hydroxide adjuvant on days 1, 8, 30
and 60. The vaccine was generally well 

tolerated with some local injection site
soreness, which was mainly associated
with the aluminum hydroxide adjuvant.
Analysis of toxin A-specific IgG
responses in serum by ELISA showed
that all subjects seroconverted, and ex-
hibited a range of 42- to 92-fold in-
creases over baseline across all doses 
and formulations. Toxin A-neutralising
titres, as determined in the cell culture
cytotoxicity assay, were elevated 32- to
43-fold over baseline. Positive anti-toxin 
B IgG responses were seen in 90% of
volunteers. Anti-toxin faecal IgA was 
stimulated less frequently than in serum,
as might have been expected following
parenteral vaccination. The potent im-
mune responses elicited by the vaccine
suggested that a vaccine might prove
useful as an immunological alternative to
anti microbial therapy.

Although the antibody titres stimu-
lated through vaccination were substan-
tial, the magnitude of these responses
relative to those associated with protec-
tion from symptomatic infection was
unknown. In order to bridge these data,
the sera from clinical study described 
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above were tested in the standardised 
ELISA use to demonstrate the relation-
ship between anti-toxin IgG levels and
resistance to hospital-acquired C. diffi-
cile diarrhoea and recurrent illness. The 
kinetics of toxin A-specific IgG induc-
tion during the course of vaccination
was assessed relative to the “threshold” 
level associated with protection (Abou-
dola et al., 2003). It was found that,
across all dose levels and formulations,
57% of subjects reached or surpassed
the threshold by day 15 of the vaccine
course. Furthermore, by day 90, all
subjects exceeded this level and were 
found to have a median titre 50-fold 
higher than the threshold. Because the
toxoid vaccine elicited substantial toxin 
A-neutralising titres, this activity was
also measured in sera from asympto-
matic C. difficile carriers as well as those 
with C. difficile-associated diarrhoea. It 
was found that none of the patients with
diarrhoea developed neutralising anti-
bodies while only 1 of 18 carriers dem-
onstrated a detectable titre, suggesting
that this functional activity does not cor-
relate with protection from symptomatic
infection. In summary, parenteral im-
munisation with C. difficile toxoid vac-
cine elicits toxin A-binding antibody
titres which greatly exceed the levels as-
sociated with protection from disease
symptoms.

The inability to mount substantial C. 
difficile toxin-binding antibody re-
sponses despite repeated exposure is a
hallmark of recurrent C. difficile diar-
rhoea. Because this syndrome is par-
ticularly difficult to treat, new ap-
proaches which may prove beneficial to
these sufferers are needed. The positive
findings with the toxoid vaccine in
healthy volunteers prompted an initial
pilot test of the vaccine in three patients
with chronic, relapsing C. difficile diar-
rhoea to assess safety and immuno-
genicity (Sougioultzis et al., 2004). In
this open label study, volunteers under-

going vancomycin therapy were admin-
istered 50 mg doses of the vaccine with-
out adjuvant on days 0, 7, 28 and 56.
The patients continued vancomycin
therapy until the fourth vaccine dose on
day 56.

All three subjects remained free of
recurrent CDAD for the two month 
follow-up period in the absence of van-
comycin. These preliminary observa-
tions suggest that active vaccination may
be an effective strategy for treatment of
recurrent CDAD. Larger controlled 
clinical studies will be needed to estab-
lish this approach as an immunological
alternative to long-term antimicrobial
therapy. 

Passive vaccination 
The prevalence of serum antibodies

against C. difficile toxins A and B in 
healthy populations has prompted in-
vestigators to test the therapeutic activity
of intravenous immune globulin (IVIG)
preparations derived from plasma do-
nors in individuals experiencing severe
or recurrent C. difficile infection. In the 
first application of IVIG treatment for C. 
difficile infection, five children with
relapsing C. difficile colitis who were 
found to have lower anti-toxin A IgG
titres than healthy children were admin-
istered 400 mg/kg IVIG containing
toxin A- and B-specific IgG antibodies
(Leung et al., 1991). All treated children
responded favourably to therapy, with
resolution of colitis symptoms and diar-
rhoea and clearance of toxin B from 
stool samples. IVIG therapy has also
shown promise in the treatment of adults
with severe and/or recurrent C. difficile 
diarrhoea and colitis (Beales, 2002; 
Salcedo et al., 1997; Warny et al., 1995).

These case reports provide proof-of-
principle that intravenously administered
antibodies can confer rapid protection
from the enterotoxic and inflammatory
actions of C. difficile toxins. The limited 
availability of IVIG precludes its general 
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use as a therapeutic for severe or recur-
rent C. difficile diarrhoea. An intriguing
alternative to standard IVIG prepara-
tions, which rely on anti-toxin antibodies
raised in response to natural exposure to
the organism, is the production of
hyper-immune globulin derived from
volunteers immunised with C. difficile 
toxoid vaccine. This strategy is being
employed to produce an immune 
globulin preparation which a higher
specific activity than IVIG developed
from source plasma. The dose re-
quirements for therapeutic activity would
need to be determined empirically in
clinical trials. 

The oral administration of anti-C. 
difficile antibodies has also been ex-
plored for the treatment of severe or re-
current CDAD. The bovine IgG prepa-
ration found to be effective in animal 
models, as described above, was evalu-
ated in a clinical study aimed at deter-
mining the survival of bovine IgG fol-
lowing passage through the GI tract 
(Kelly et al., 1997). The preparation was
administered in liquid form or within 
enteric capsules and the effect of antacid
treatment or therapy with a proton pump
inhibitor was also assessed. The degra-
dation of bovine IgG during transit by
intestinal proteases was found to sub-
stantially reduce the activity of anti-C. 
difficile antibodies recovered in stool. 
Further development of this approach
has not been reported.

The passive therapies described 
above rely on the activity of polyclonal
anti-toxin antibodies. Although mono-
clonal antibodies (mAbs) against toxins
A or B have been produced for many
years, only recently have they entered
development as therapeutics intended for
clinical evaluation. However, the se-
lection of antibody clones with the best
chance of demonstrating clinical activity
is complicated by several factors. Firstly,
both toxins A and B will likely need to 

be neutralised for optimal efficacy and
because no cross-neutralising mAbs 
have been reported, it is likely that at
least two antibodies will be required.
Secondly, because the toxins possess
distinct functional domains for which 
their respective roles in human disease
have not been precisely defined, choos-
ing the critical epitopes within the large
toxin molecules may be difficult. 
Thirdly, since the cell-binding domains
of toxins A and B are comprised of 30
and 19 carbohydrate binding sites, re-
spectively, the adherence to target cells
may be difficult to block with a single
mAb. In addition, sequence variation
amongst toxin types may reduce the ac-
tivity of mAbs against certain C. difficile 
strains. In total, the use of monoclonal
antibodies as therapeutics represents a
novel strategy against CDAD that may
require more than one mAb component
for optimal clinical efficacy.
Nevertheless, monoclonal therapeutics
are being developed as alternative strate-
gies. Mice expressing human immuno-
globulin gene repertoires are being em-
ployed to generate human IgG antibod-
ies against C. difficile toxin A and pos-
sibly toxin B. In addition, recombinant
human antibodies specific for toxins A
and B have been engineered into corn as 
a cost-effective production system.
These interesting approaches may be
evaluated in the clinic in the near future. 
The mounting interest in developing
immune-based strategies for combating
C. difficile disease validates the belief 
that symptomatic infections which arise
due to insufficient host responses can be
managed through active or passive
immunisation. Furthermore, these im-
munological interventions also allow for
the restoration of the natural protective
barrier of an intact commensal flora,
which together should reduce the reli-
ance on antibiotics for treatment of this 
iatrogenic infection. 
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SUMMARY 

Efficient responses to the different forms of fungi require different
mechanisms of immunity. Dendritic cells (DCs) are uniquely able to
decode the fungus-associated information and translate it in qualitatively
different T helper (Th) immune responses, in vitro and in vivo. DCs 
sense fungi in a morphotype-specific manner, through the engagement
of distinct recognition receptors ultimately affecting cytokine production
and co-stimulation. Adoptive transfer of different types of DCs activates
protective and non-protective Th cells as well as regulatory T cells and
affects the outcome of the infections. DCs transfected with fungal RNA
also restore antifungal resistance in haematopoietic transplantation.
Thus, the remarkable functional plasticity of DCs in response to fungi
can be exploited for the deliberate targeting of cells and pathways of
cell-mediated immunity in response to fungal vaccines. 

INTRODUCTION 

Infections caused by systemic fungal pathogens, and pulmonary infections are
pathogens are a significant health prob- usually acquired through the inhalation
lem in immunocompetent and immuno- of conidia able to reach small airways
compromised host. Opportunistic fungal and the alveolar space, where the im-
pathogens, which more typically require paired host defence mechanisms allow
immunosuppression to infect the host, hyphal germination and subsequent tis-
include Candida albicans, which is a sue invasion. A. fumigatus is associated 
normal inhabitant of the human gut, and with a wide spectrum of diseases rang-
Aspergillus fumigatus, which is ing from benign colonisation of the lung
ubiquitous in the environment. As a and allergy to life-threatening diseases
pathogen C. albicans is associated with such as invasive pulmonary aspergillosis 
a wide spectrum of diseases in humans, or allergic broncho-pulmonary as-
ranging from allergy, severe intractable pergillosis (Latgé, 2001). The delicate
muco-cutaneous diseases to life-threat- balance between the host and these oth-
ening bloodstream infections (Calder- erwise harmless fungi may turn into a
one, 2002). Aspergilli are respiratory parasitic relationship, resulting in the 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 857-864 (2004). All references should be made to
the original article. 
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development of severe infections. How-
ever, fungi are not mere passive partici-
pants in the infectious process and a 
hypothetical set of virulence factors has
been attributed to them (Denning, 2000;
Rooney and Klein, 2002). Among these,
the ability to form hyphae from budding
yeasts or from swelling conidia and the
subsequent filamentous growth are 
thought to be important for virulence
(Hogan et al., 1996).

Host defence mechanisms against
fungi are numerous and range from
relatively primitive and constitutively
expressed non-specific defences to so-
phisticated adaptive mechanisms that are
specifically induced during infection
(Romani and Kaufmann, 1998). Al-
though the role of innate immunity was
originally considered to be a process for
defence of the host early in infection, it
is now clear that there is an important
reciprocal relationship between innate
and adaptive immune responses.
Through the involvement of a set of
germline-encoded pattern recognition
receptors (PRRs) and Toll-like receptors
(TLRs) that recognise and are triggered
by evolutionarily conserved molecules
essential to pathogen function (PAMPs,
pathogen -associated molecular 
patterns), cells of the innate immune
system not only discriminate between
different pathogens, but also contribute
to discrimination between self and 
pathogens at the level of the adaptive T
helper (Th) immunity (Medzhitov and 
Janeway, 1997; Schnare et al., 2001).
Cytokines and other mediators play an
essential role in the process and, indeed,
may ultimately determine the type of
effector response that is generated to-
wards the pathogens (Romani, 1996).
The recognition of fungi at sites of in-
fection leads to the production of
chemokines and cytokines that not only
activate the innate cell population but 

also drive the adaptive immune response
down different pathways of differentia-
tion. As the different Th cell subsets are 
endowed with the ability to release a
distinct panel of cytokines, capable of
delivering the activating and deactivating
feedback signals to effector phagocytes,
the activation of an appropriate Th sub-
set may be instrumental in the genera-
tion of a successful immune response to
the fungal pathogens (Puccetti et al.,
1995; Romani , 1997). To limit the
pathologic consequences of excessive
inflammatory cell-mediated immune re-
actions, the immune system resorts to a
number of protective mechanisms in-
cluding the reciprocal cross-regulatory
effects of Th1 and Th2-type effector
cytokines, such as interferon (IFN)-γ 
and interleukin (IL)-4, and the genera-
tion of regulatory T cells (Treg). Thus,
innate and adaptive immune responses
are intimately linked and controlled by
sets of molecules and receptors that act
to generate the most effective form of
immunity for protection against fungal
pathogens.

It has became apparent that under-
standing how immune responses are 
activated will enable the construction of 
better vaccines and vaccine strategies
that are effective at eliciting acquired
protective immunity to pathogens. The
model has brought DCs to centre stage
as promising targets for intervention for
immunotherapy and vaccine develop-
ment (Steinman and Pope, 2002) and
has shifted the emphasis from the "anti-
gen" towards the "adjuvant” (Gallucci 
et al., 1999). Thus, the promise of a 
fungal vaccine will demand for an adju-
vant capable of both stimulating the ap-
propriate type of response best tailored
to combating the infection and being
effective in conditions of immunosup-
pression. 
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Figure 1: Dendritic cells internalise yeasts and hyphae of Candida albicans and conidia and hy-
phae of Aspergillus fumigatus. Murine DC1 were purified from spleens and immature human DC1 
and DC2 from CD11c+ blood mononuclear cells, as described (Bozza et al., 2003). DCs were ex-
posed to un-opsonised yeasts for 30 min or un-opsonised conidia and hyphae for 60 min before the
assessment of phagocytosis, as described (Bozza et al., 2003). After a Diff Quik staining, aliquots
of cells were spun down on slides on a cytocentrifuge and mounted in buffered glycerol to be ex-
amined for conidia internalisation by light microscopy. For each experiment, at least 5 fields in
each slide were counted, and at least 200 DCs were analyzed in each well. All conditions were
tested in triplicates. 

DCs AS NATURAL ADJUVANTS 

Since their original discovery in stimulatory molecules, IL-12 production,
1973, DCs have assumed centre stage as and altered expression of chemokine
the key initiator of adaptive immunity receptors (Lanzavecchia and Sallusto,
(Lanzavecchia and Sallusto, 2001). In 2001). As they mature, DCs migrate to
infections, they are central in the bal- the T cell areas of lymphoid organs,
ancing act between immunopathology where they translate the tissue-derived
and protective immunity generated by information into the language of Th
host-microbe interactions. DCs are cells, providing them with an antigen-
strategically located at the interface of specific “signal 1”, a co-stimulatory
potential pathogen entry sites and take “signal 2” and a “signal 3” which
up antigen, move into secondary lym- determines the polarisation of naive Th
phoid tissues and activate both helper cells into Th1 or Th2 cells. In addition 
and cytotoxic T cells. Pathogen-medi- to DCs initiating immunity, certain sub-
ated activation induces DCs to undergo populations of DCs are able to down-
maturation consisting in antigen acqui- regulate immune responses (Shortman 
sition down-regulation, increased ex- and Heath, 2001). The ability of DCs to
pression of the Major Histocompatibil- influence the pattern of cytokine se-
ity Antigen Complex (MHC) and co- creted by T cells represents a critical 
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function, which can profoundly influ-
ence the final outcome of the immune 
response to pathogens. Several factors
appear to influence the ability of DCs to
polarise T-cell cytokine responses, in-
cluding the DC subsets, the nature of the
maturation stimuli and the host micro-
environment (Shortman and Liu, 2002).
At the end, DCs represent the critical 

link between innate and adaptive
immunity, upon which, appropriate con-
certed action is required for a successful
host defence against an invading patho-
gen. Progress in our understanding of
DC biology and their critical function in
immunity have prompted investigations
to explore their potential use in immu-
notherapy and prophylaxis. 

INTERACTIONS BETWEEN FUNGI AND DCs 

In vitro 
Efficient responses to the different

forms of fungi require different mecha-
nisms of immunity (Romani, 1997; Ro-
mani  and Kaufmann , 1998). DCs 
showed a remarkable functional plastic-
ity in response to the different forms of
fungi, being able to discriminate between
the different forms in terms of 
maturation, cytokine production and in-
duction of Th cell reactivity, in vitro and 
in vivo (Fè d'Ostiani et al., 2000; Huang
et al., 2001; Bacci et al., 2002; Bozza et 
al., 2002a,2003; Claudia et al., 2002; 
Garlanda et al., 2002). Both murine and
human DCs were able to phagocytose
Candida yeasts, Aspergillus conidia, and 
hyphae from both (Figure 1). The 
uptake of the different fungal elements
occurred through different forms of
phagocytosis. Transmission electronic
microscopy indicated that internalisation
of yeasts and conidia occurred pre-
dominantly by coiling phagocytosis,
characterised by the presence of over-
lapping bilateral pseudopods that led to
a pseudopodal stack before transform-
ing into a phagosome wall. In contrast,
entry of hyphae occurred by a more
conventional zipper-type phagocytosis,
characterised by the presence of sym-
metrical pseudopods which strictly fol-
lowed the contour of the hyphae before
fusion. However, the fate of the different
forms of the fungi inside cells appeared
to be quite different. Two and four 

hours later, numerous yeast cells were
found partially degraded inside 
phagosomes. In contrast, as early as one
hour after infection, Candida hyphae
appeared to escape the phagosome and
were found lying free in the cytoplasm
of cells. For Aspergillus, two hours after
the exposure, numerous conidia were 
found inside DCs with no evidence of 
conidia destruction, as opposed to hy-
phae, that were rapidly degraded once
inside cells. As killing of conidia would
seem to be a necessary prerequisite to
obtain efficient antigen presentation, it
can be postulated that either a small 
number of conidia are actually degraded
by mature DCs thus allowing their anti-
gen processing and presentation or, al-
ternatively, antigens could be processed
and regurgitated by other infected 
phagocytes and then transferred to DCs
for presentation.

Multiple receptors on phagocytes
and DCs participate in the microbial
recognition event either independently or
through receptor cooperativity (Mosser 
and Karp, 1999). Receptors that have 
been identified on immature DCs 
include PRRs, lectins such as the 
mannose receptors (MR), DEC-205 and
DC-SIGN as well as Fc receptors
(FcεRI and FcγR) and receptors for a
number of components of the comple-
ment system (CR). Work on innate rec-
ognition of pathogens has defined a
number of PAMPs and their cognate 
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Figure 2: Fungi activate Toll-like receptor expression on dendritic cells. Murine CD11c+ DCs 
were purified from spleens (for Candida) or from lungs (for Aspergillus) and exposed to un-op-
sonised Candida yeasts, Candida hyphae and Aspergillus conidia or fungal RNA, for 60 or 120 
min, respectively, as described (Bacci et al., 2002; Bozza et al., 2003). TLR expression was as-
sessed by RT-PCR. cDNA levels were normalised against the HPRT gene. None, cells exposed to
the diluent alone. 

PRRs on phagocytes (Medzhitov and 
Janeway, 1997; Romani, 1996). For
fungi, PAMPs include cell-wall compo-
nents such as glucans, mannans, man-
noproteins and phospholipomannan
(Calderone, 2002) capable of mediating
phagocytosis and activation of pro-in-
flammatory pathways upon recognition
by MR and β-glucan receptors, man-
nose-binding lectins (MBL) and CR3
through the involvement of TLRs 2 and
4 (Ezekowitz et al., 1990; Brown et al., 
2003; Cambi et al., 2003; Wang et al., 
2001; Mambula et al., 2002; Netea et al., 
2002).

Internalisation of yeasts, conidia or
hyphae involved different receptors
(Claudia et al., 2002; Romani et al., 

2002). Live un-opsonised yeasts, con-
idia or hyphae were mainly internalised
through a phagocytic process. Internali-
sation of yeasts and conidia occurred
through the lectin-like receptors, in-
cluding MR, DC-SIGN and dectin-1.
For hyphae, the internalisation by DCs
mainly occurred through CR3 and FcgR
II and III. The results are consistent with 
the view that fungi have exploited
common pathways for entry into DCs,
which may include a lectin-like pathway
for unicellular forms and opsono-de-
pendent pathways for filamentous 
forms. In terms of sugar specificity, this
may vary among fungi, as DCs recog-
nise Candida yeasts through a man-
nose-fucose receptor (Newman and 
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Holly, 2001) and Aspergillus conidia 
through a lectin receptor of galactoman-
nan specificity (Bozza et al., 2002a). It
also appears that unicellular fungal
forms may exploit the CR3 receptor on
DCs as a niche to avoid degradation
through the multi-lectin pathway while
allowing their own persistence. In doing
so, fungi share with pathogenic bacteria
the ability to avert activation of phago-
cytes by entry through complement re-
ceptors that are not accompanied by 
phagocyte activation (Ehlers and Daffè,
1998). Interestingly, the entry of heat-
inactivated fungi may occur through dif-
ferent pathways, as inactivated Candida 
yeasts were mainly internalised through
CR3 (Claudia et al., 2002), a finding
that may have important implications in
terms of vaccination strategies against
fungi.

TLR2 and 4 have been implicated in
the activation of phagocytes by fungi
(Wang et al., ,2001; Mambula et al., 
2002; Netea et al., 2002). It is believed
that microbial detection by DCs trough
TLRs is responsible for pathogen dis-
crimination and the initiation of the ap-
propriate effector response accordingly
(Schnare et al., 2001). Distinct patterns
of TLR expression were observed on
splenic and pulmonary DCs upon expo-
sure to Candida and Aspergillus, re-
spectively. Both yeasts and conidia up-
regulated the expression of TLR3, TLR4
and TLR8, but only yeasts up-regulated
the expression of TLR2, TLR5, TLR7
and TLR9. The exposure to Candida 
hyphae was followed by the up-
regulated expression of TLR3, TLR4,
TLR8 and TLR9 (Figure 2). Similar
results were obtained upon exposure to
Aspergillus hyphae (data not shown).
The extent to which TLR expression on
DCs implicates the functional activity of
TLRs in response to fungi is far from
being understood. Nevertheless, it is 
intriguing that the TLR9 agonist CpG-
ODN could convert an Aspergillus 

allergen to a potential protective antigen,
suggesting the potential for TLR 
agonists to act upon the degree of
flexibility of the immune recognition
pathways to antigens and allergens
(Bozza et al., 2002b).

It has recently been shown that fun-
gal RNA acts as potent DC activator 
(Bacci et al., 2002; Claudia et al., 2002;
Bozza et al., 2003). Others have shown
that pulsing DCs with antigen-encoded
mRNA resulted in the loading of both
MHC class I and II antigen presentation
pathways and the delivery of an activa-
tion signal (Ni et al., 2002). Although
extracellular mRNA induced DC activa-
tion by signalling through a nucleotide
receptor (Ni et al., 2002), fungal RNA
also activated TLR expression on DCs
(Figure 2). The expression of TLR2,
TLR3, TLR4, TLR8 and TLR9 was 
upregulated upon exposure to fungal
RNA from both yeasts and conidia. As
DCs efficiently took up extracellular
fungal RNA (Figure 3), this indicates
that DCs are allowed to orchestrate the 
immune response against both intracel-
lular and extracellular fungi.

Upon exposure to fungi or fungal
RNA, DCs underwent functional matu-
ration, as indicated by the upregulated
expression of co-stimulatory molecules
and MHC class II antigens and cytokine
production (Bacci et al., 2002; Claudia 
et al., 2002; Bozza et al., 2003). The
production of cytokines occurred differ-
ently in response to un-opsonised
yeasts, conidia and hyphae and the pat-
tern of cytokine production correlated
with the pattern of receptor entry and/or
the levels of opsonisation. Upon phago-
cytosis of yeasts or conidia, high and
sustained levels of IL-12 were observed. 
However, DCs produced IL-4 and IL-10
in response to hyphae. It was also found
that the receptor exploitation on DCs 
and fungal opsonisation dramatically
affected the pattern of cytokine produc-
tion. 
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Figure 3: Uptake of fungal RNA by dendritic cells. Fluorescent probe syto17 was added to
fungal total RNA (25µg) at the concentration 100µM and incubated for 2 h in dark. After removal 
of unbound dye, cells were transfected with labelled RNA and the cationic lipid N-[1-(2,3-dioleoy-
loxypropyl]-N,N,N,-trimethylammonium methylsulfate (DOTAP) for 120 min at 37°C (Bacci et 
al., 2002; Bozza et al., 2003). Cells were washed with PBS and fixed with paraformaldehyde 4%
for 10 min. Photographs were taken using a high Resolution Microscopy Colour Camera
AxioCam Colour, using the AuxioVision Software Rel. 3.0. 

In vivo tolerance to inhaled antigens is achieved
DCs have a primary role in patho- through several mechanisms, including

gens surveillance at the mucosal sur- IL-10 production by local DCs (Akbari 
faces (Huang et al., 2001). Studies in et al., 2001). It is known that DCs of the
vivo suggested that DCs had the ability respiratory tract are specialised for up-
to internalise Aspergillus conidia and take/processing but not for antigen
Candida yeasts at the sites of the infec- presentation, the latter requiring cytokine
tion (Bozza et al., 2002a; Montagnoli et maturation signals that are encountered
al., 2003). Soon after the infection, Can- after migration to regional lymph nodes.
dida yeasts were found inside DCs from We found that DCs present in the 
the gut and Aspergillus conidia inside alveolar spaces phagocytosed conidia,
pulmonary DCs. In the case of Candida, translocated to the space below, within
the fungus appeared to translocate the alveolar septal wall, and reached the
across the epithelial layers and to be draining lymph nodes where fungus-
subsequently phagocytosed by DCs pulsed DCs instructed local de-
(unpublished observations). In the case velopment of antifungal Th reactivity
of Aspergillus, it should be considered (see below).
that, in normal circumstances, a state of 
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DCs TRANSLATE FUNGUS-ASSOCIATED INFORMATION
 
TO Th LYMPHOCYTES
 

Upon exposure to Candida or As-
pergillus, DCs activated different types
of naive CD4+ Th cells in vitro and in 
vivo (Fè d'Ostiani et al., 2000; Bacci et 
al., 2002; Bozza et al., 2002a,2003; 
Claudia et al., 2002; Romani et al., 
2002; Garlanda et al., 2002). In vitro,
CD4+ T splenocytes co-cultured with
yeast-pulsed DCs produced high levels
of IFN-γ, but not IL-4 or IL-10. In con-
trast, DCs exposed to Candida hyphae
induced low levels of IFN-γ, but high 
levels of IL-4 and IL-10. Candida-
pulsed DCs were also capable of prim-
ing antigen-specific CD4+ Th responses 
in vivo. Adoptive transfer of purified
DCs, pulsed with yeasts or hyphae, re-
sulted in priming of CD4+ T cells for 
Th1 or Th2 cytokine production, re-
spectively (see below). In vivo studies 
confirmed that the opsonic phagocytosis
of fungi is responsible for type 2 cyto-
kine production and Th2 cell activation,
an effect counteracted by the Th1-pro-
moting activity of the non-opsonic entry
through MR (Claudia et al., 2002). In 
the case of Aspergillus, the migration
and maturation of pulmonary DCs in
mice with aspergillosis correlated with
their ability to induce T cell priming in
the lymph nodes and spleens. The num-
ber of IFN-γ-producing CD4+ T cells 
greatly increased in both the lymph
nodes and spleens of mice injected with
Aspergillus conidia, while IL-4-pro-
ducing cells were increased in mice ex-
posed to hyphae (Romani et al., 2002).

There is compelling evidence that
Treg specialised in the attenuation of
immune responses play a critical role in
immune regulation (Read and Powrie,
2001). Immune responses driven by
Th1 and Th2 cells are also influenced by
Treg whose main function is counter-
regulation or suppression of immune 
responses mediated by Th1 and Th2. 

Different types of Treg have been found
to be implicated in the control of organ-
specific autoimmunity, transplantation
tolerance and inflammatory responses
evoked by enteric organisms. Pathogen-
specific Treg, with immunosuppressive
activity, have also been described 
(M c G u i r k  et al., 2002). Although
protective immunity to C. albicans is 
mediated by antigen-specific Th1 cells,
paradoxically, some Th2 cytokines are
required for the maintenance of the 
antifungal immune resistance (Romani,
1997). Therefore, in addition to the 
Th1/Th2 balance, other mechanisms 
seem to be involved in the regulation of
Th1 immunity to the fungus. A role for
DCs in the induction of Treg has been
described (Roncarolo et al., 2001). DCs 
from Payer’s patches induced the 
activation of CD4+CD25+ T cells 
negatively regulating antifungal Th1
reactivity in mice with gastrointestinal
candidiasis (Montagnoli et al., 2002). 
Activation of Treg required DCs 
expressing co-stimulatory molecules
and producing IL-10, the last activity
being strictly dependent on local levels
of opsonising antibodies (Montagnoli
eet al., 2003). Adoptive transfer of IL-
10-producing Candida-pulsed DCs in-
duced the activation of CD4+CD25+ T 
cells in the mesenteric lymph nodes, de-
creased the inflammatory response at
sites of infection and contributed to the 
occurrence of memory protective immu-
nity to the fungus. As hyphae, more than
yeasts, are endowed with the ability to
activate IL-10-producing DCs, at least in 
vitro (Montagnoli et al., 2002), it ap-
pears that DCs orchestrate the overall
immune response to C. albicans, in-
cluding active priming to the yeasts and
tolerance to the hyphae. Whether these
apparently contradictory roles could be
attributed to distinct DC lineages or to a 

114 



 

 

 

 

 
 

 

 

  
 

 

 

single DC type, which are instructed by
environmental stimuli to perform differ-
ent functions is still a matter of debate 
(Shortman and Heath, 2001). Never-
theless, our data point out an extreme
functional plasticity of DCs in response
to the different forms of fungi.

All together, these data indicate that
DCs fulfil the requirement of a cell 
uniquely capable of discriminating be-
tween the different forms of fungi in
terms of the type of immune response
elicited. The emerging paradigm calls
for the exploitation of distinct receptors
on DCs by the different forms of un-
opsonised or opsonised fungi and the
dependency of the DC activation pro-
gram and ensuing Th cell response on
the receptor choice and mode of entry.
Indeed, i) the non-opsonic phagocytosis
through MR results in the production of
pro-inflammatory cytokines, including
IL-12, and expression of co-stimulatory
molecules and MHC class II antigens;
ii) up-regulation of co-stimulatory
molecules also occurs along with the 

production of IL-4/IL-10 upon the op-
sonic entry through CR3 and FcgR; iii)
both the expression of co-stimulatory
molecules and class II antigens and the
production of IL-12 are inhibited by 
entry through CR3. In vivo studies con-
firmed that the opsonic phagocytosis of
fungi is responsible for type 2 cytokine
production and Th2 cell activation, an
effect counteracted by the Th1-promot-
ing activity of the non-opsonic entry
through MR. It is conceivable that the
balance between the two types of 
phagocytosis at different body sites very
likely determines the type of immune
response elicited, which may help to ex-
plain the longstanding notion of com-
partmentalisation in antifungal Th im-
munity (Romani and Kaufmann, 1998).
The results are also in line with evi-
dences in humans showing an increased
susceptibility to fungal infection in pa-
tients with defective MBL but not anti-
body or complement deficiency (Cal-
derone, 2002; Latgé, 2001). 

EXPLOITING DCs AS FUNGAL VACCINES 

Fungus-pulsed DCs activated CD4+ 

Th cell responses upon adoptive transfer
into immunocompetent mice (Bacci et 
al., 2002; Bozza et al., 2002a,2003). The
analysis of antigen specific proliferation
and cytokine production by CD4+ T 
cells from draining lymph nodes and
spleens revealed that levels of IFN-γ 
were higher, and those of IL-4 lower, in
mice immunised with yeast- or conidia-
pulsed DCs as compared to mice re-
ceiving unpulsed or hypha-pulsed DCs.
The ability of fungus-pulsed DCs to
prime for Th1 and Th2 cell activation
upon adoptive transfer in vivo correlated 
with the occurrence of resistance and 
susceptibility to the infections. Resis-
tance to either C. albicans or A. fumi-
gatus infection was greatly increased 

upon transfer of yeast-pulsed or con-
idia-pulsed DCs, respectively, as indi-
cated by the decreased fungal burden in
the target organs. The fungal burden
was not reduced upon transfer of un-
pulsed or hypha-pulsed DCs, being ac-
tually increased upon transfer of the 
latter. Therefore, adoptively transferred
fungus-pulsed DCs are able to prime
specific antifungal Th responses in vivo,
the quality of which depends on forms
of the fungus and nature of cytokines.
Indeed, the ability to induce anti-candi-
dal protective Th1 immunity in vivo was 
impaired upon transfer of DCs exposed
to the yeasts in the absence of IL-12,
and potentiated upon transfer of DCs
exposed to the hyphae in the absence of
IL-4 (Fè d'Ostiani et al., 2000). These 
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Figure 4: Adoptively transferred fungus RNA-transfected-dendritic cells induce Th1-mediated
resistance to fungal infections. Splenic DCs were transfected with RNA from Candida or Crypto-
coccus yeasts, or Aspergillus conidia as described (Bacci et al., 2002; Bozza et al., 2003). DCs (5 x 
105) were administered into recipient mice subcutaneously, 2 and 1 week before the intravenous
injection of 5 x 105 C. albicans or A. fumigatus conidia or the intranasal injection of 104 C. neo-
formans. Resistance to infection was assessed in terms of colony forming units (CFU, mean ± 
SE) and number of cytokine producing CD4+ T cells (ELISPOT assay) a week after the infection in
the kidneys (candidiasis and aspergillosis) or in the lungs (cryptococcosis) (Bacci et al., 2002; 
Bozza et al., 2003). *Indicates p<0.05 (mice receiving pulsed DCs versus mice not receiving 
DCs). 

results suggest that production of IL-12
or IL-4 by DCs may crucially contribute
to the induction of protective and non-
protective immune responses in fungal
infection. Interestingly, inactivated 
yeasts failed to induce DCs maturation
in vitro and DCs pulsed with inactivated
yeasts failed to promote Th1 immunity
upon adoptive transfer in vivo (data not
shown). Therefore, these data may ac-
count for the long-standing observation
of the inability of inactivated Candida to 
induce memory anti-candidal protective
immune responses (Romani and Kauf-
mann, 1998). 

Antifungal protective immunity in 
vivo was also observed upon adoptive
transfer of DCs transfected with fungal
RNA (Bacci et al., 2002; Bozza et al.,
2003). The efficacy was restricted to
DCs transfected with RNA from yeasts
or conidia but not with hyphal RNA. Ex 
vivo DCs, transfected with yeast RNA or
conidial RNA, adoptively transferred
into otherwise susceptible recipients,
conferred protection against C. albicans 
or A . fumigatus infection, respectively
(Figure 4). The effect was fungus-spe-
cific, as no cross-protection was ob-
served upon adoptive transfer of DCs 
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pulsed with either fungal species (Bozza 
et al., 2003). It is of interest that DCs
transfected with RNA from Cryptococ-
cus neoformans, an opportunistic fun-
gus on occasion, also induced protection
in a murine model of pulmonary crypto-
coccosis (Figure 4), a finding expanding
upon the vaccinating potential of DCs in
fungal infections. The frequency of
IFN-γ-producing Th1 cells was in-
creased and that of IL-4-producing cells
decreased in protected mice (Figure 4), a
finding suggesting the occurrence of a
Th1-dependent antifungal resistance.

The infusion of fungus-pulsed or 
RNA-transfected DCs accelerated the 
recovery of functional antifungal Th1
responses in mice with allogeneic hae-
matopoietic stem cell transplantation
(HSCT), an experimental model in 
which autologous reconstitution of host
stem cells is greatly reduced to the bene-
fit of a long-term, donor type chimerism
in more than 95% of the mice and low 
incidence of graft-versus-host disease
(Mencacci ete al., 2001). Patients re-
ceiving T cell-depleted HSCT are unable
to develop antigen-specific T cell re-
sponses soon after transplantation (Ve-
lardi et al., 1988). However, functional
recovery of the T cell system after T
cell-depleted allogeneic HSCT has been 

demonstrated (Verfuerth et al., 2000)
and both donor and recipient DCs may
participate to the reconstitution of the T
cell repertoire in transplantation through
distinct pathways of antigen presentation
(L e c h l e r  et al., 2001). We have 
demonstrated that an imbalanced pro-
duction of Th1 and Th2 cytokines was
responsible for the susceptibility to fun-
gal infections in our HSCT model. 
However, readdressing the balance be-
tween Th1 and Th2 subsets, as by
treatment with Th2 cytokine antagonists,
accelerated the recovery of Th1-medi-
ated antifungal resistance (Mencacci et 
al., 2001). The recovery of functional
Th1 cells producing IFN-γ was acceler-
ated by the infusion of fungus-pulsed or
RNA-transfected DCs, a finding sug-
gesting that DCs may contribute to the
educational program of T cells in HSCT
during reconstitution, as already sug-
gested (Lechler et al., 2001).

All together, our studies will suggest
that DCs could act as effective vaccines 
against fungal infections and that RNA-
transfected DCs could be of vaccinating
potential in conditions that negate the
use of attenuated microorganisms, such
as immunosuppression, or in the case of
poor availability of protective antigens. 

CONCLUSIONS AND PERSPECTIVES
 

DCs have a unique role in infections,
as they are regarded as both sentinel for
innate recognition and initiator of Th cell
differentiation and functional com-
mitment. Through the use of distinct
recognition receptors, murine DCs 
showed a remarkable functional plastic-
ity in the recognition of fungi. It appears
that the DC/fungi interaction dynamics,
more than fungal dimorphism, could be
responsible for fungal virulence. The
implications of these findings are mani-

fold. First, as cytokines are known to
modulate the expression of opsonic and
non-opsonic receptors (Raveh et al.,
1998), and antibodies differently op-
sonise fungi (Casadevall, 1995), it is
likely that the levels of cytokines may
influence the DC/fungi interaction in 
vivo and that the different ability of anti-
bodies to opsonise fungi may contribute
to the protective and non-protective ac-
tivity of antibodies in fungal infections
(Casadevall, 1995). Second, as clinical 
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resistance represents a significant com-
ponent of the overall drug resistance of
the anti-fungals (Alexander and Perfect,
1997), one major strategy to prevent
antifungal drug resistance is to improve
the immune functions of the immuno-
compromised host. A variety of cytoki-
nes, including chemokines and growth
factors proved to be beneficial in ex-
perimental and clinical fungal infections
(Romani and Kaufmann, 1998). How-
ever, establishing the clinical utility of
cytokines as therapy for fungal infec-
tions in patients has been difficult. The 

Th1/Th2 balance itself was also found to
be the target of immunotherapy. Thus,
the deliberate targeting of cells and 
pathways of cell-mediated immunity to
the fungus may represent a useful 
strategy in developing effective strate-
gies of vaccination to fungi. The ultimate
challenge will be to design fungal
vaccines capable of inducing optimally
effective immunities by targeting spe-
cific receptors on DCs in vivo. This im-
plicates that we have to learn from 
pathogens how to manipulate DCs for
immunotherapy. 
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SUMMARY 

Monotherapy, in the form of amphotericin B or one of its liposomal
derivatives, is the usual treatment for invasive fungal infections, due to
lack of a safe, effective combination of antifungal drugs. Combination
therapy is not necessarily beneficial – there may be mutual antagonism
or indifference, increased toxicity or interference with concomitant
medication. But the benefits of a well-tolerated, synergistic combination
would be great – the enhanced efficacy would improve clinical outcome,
reduce the need for prolonged courses of treatment and prevent the
emergence of antifungal drug resistance. Antifungal antibodies would
be a natural partner in a combinatorial approach to antifungal therapy.
Analysis of the antibody response which occurs in patients with invasive
candidiasis, being treated with amphotericin B, showed a close correla-
tion between recovery and antibody to the immunodominant heat shock
protein 90 (hsp90). The molecular chaperone hsp90 is essential for
yeast viability. Mycograb® is a human recombinant antibody to hsp90
which shows intrinsic antifungal activity and synergy with amphotericin
B both in vitro and in vivo. It is now the subject of a multinational, dou-
ble-blind, placebo-controlled trial, in patients with culture-confirmed in-
vasive candidiasis on liposomal amphotericin B. 

INTRODUCTION 

Invasive candidiasis is the most pre- neutropenic patients, organ transplant
valent of the systemic fungal infections. recipients, individuals receiving total
It is a deep-seated, life-threatening form parental nutrition or peritoneal dialysis,
of the infection due to yeasts of the ge- those with cerebrospinal fluid shunts
nus Candida. The commonest species is and drug abusers. Today one of the
Candida albicans, but non-albicans most commonly affected patient groups
species account for an increasing pro- is intensive care unit patients. These pa-
portion of the infections. Almost any tients are debilitated, but not neutropenic,
organ can become infected and the in- and are particularly at risk if the 
fection frequently disseminates, via the gastrointestinal tract is damaged, by di-
bloodstream, to multiple organs. At risk sease, trauma or surgery, because the gut
groups include immunosuppressed and is a major harbinger of Candida. 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 865-871 (2004). All references should be made to
the original article. 
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Reviewing the literature, Fridkin and 
Jarvis (1996) estimated that the morta-
lity attributable to Candida was 38%,
with crude mortality rates of 50% to
60%. 

Treatment of candidiasis is depen-
dent on three main classes of chemothe-
rapeutic agents. The first of these is the
polyenes, of which conventional amp-
hotericin B (Fungizone®) is the parent
compound. Lipid-based formulations of
amphotericin B (Abelcet®, Ambisome®
and Amphocil®) were developed to re-
duce the toxicity of amphotericin B.
These are well-established, mainline
therapeutics for the treatment of life-
threatening, culture-confirmed, deep-
seated infections. The second class is 
the onazoles, such as fluconazole and
voriconazole. Fluconazole is the most 
commonly used antifungal drug for the
treatment of superficial candidiasis 
(thrush). It is sometimes given to high-
risk patients as prophylaxis against in-
vasive candidiasis or as empiric treat-
ment in suspected cases. It is not re-
commended for non-albicans species,
many of which are intrinsically resistant
to fluconazole (Martins and Rex, 1996)
nor for neutropenic patients because it
fungistatic, not fungicidal. Acquired re-
sistance to fluconazole can occur among
strains of C. albicans, and is particularly
seen in patients with AIDS receiving
long-term treatment for candidal 
oesophagitis. The echinocandins, such
as caspofungin, are a new class of anti-
fungals. In a recently published study in
patients with invasive candidiasis 
(Mora-Duarte et al., 2002), caspofungin
was found to be at least as effective as 
conventional amphotericin B, though
differences in efficacy between the two 

groups were mainly a reflection of failu-
res due to Fungizone toxicity. Crypto-
coccus neoformans is intrinsically re-
sistant (because it lacks the target en-
zyme) and Candida parapsilosis shows 
relative resistance compared to other 
candidal species. Caspofungin recently
received market authorisation, in the
USA and Europe, for the treatment of
invasive aspergillosis refractory to amp-
hotericin B. 

There are increasing reports of clini-
cally significant antifungal drug resis-
tance (Espinel-Ingroff, 1997; Hope et al., 
2002; Krcmery and Barnes, 2002; 
Kontoyiannis and Lewis, 2002). Com-
bination therapy is therefore being sug-
gested as a means of combating resis-
tance and improving clinical outcome,
just as it is for serious bacterial infecti-
ons (Kontoyiannis and Lewis, 2002).
Potential problems with this approach
include: Antagonism between static and
cidal drugs, as occurs between flucona-
zole and amphotericin B ( Arganoza et 
al., 1997); indifference between drugs
that have the same target; increased risk
of side effects when several potentially
toxic antifungal drugs are used in com-
bination and greater risk of undesirable
interactions with other drugs such as
immunosuppressive agents. Ideally an
antifungal partner should be synergistic
(enhancing the efficacy of the other anti-
fungal drug), broad spectrum (against all
clinically significant Candida species)
and safe (both in terms of intrinsic
toxicity and lack of interactions with
other drugs). Passive immunotherapy, in
the form of a naturally occurring anti-
fungal antibody, has the potential to be
an ideal partner for combination therapy. 

RATIONALE FOR ANTIBODY THERAPY 

Candida species commonly inhabit oropharynx, without producing symp-
the mucosal surfaces of the gut and toms, being held in check by a wide va-
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riety of innate and specific defence sys-
tems. But if Candida does gain access
to the bloodstream, it can spread to set
up foci of infection in one or more sys-
temic organs, and thereby become a life-
threatening infection. Moreover, Can-
dida itself is immunosuppressive, pre-
disposing the patient to additional infec-
tions by bacteria, such as Staphylococ-
cus aureus (Carlson, 1982; Vartivarian 
and Smith, 1993). In the past there has
been considerable debate over the rela-
tive importance of antibody-mediated
versus innate and cell-mediated immu-
nity (CMI) in defence against candidia-
sis. The importance of phagocytic cells
such as neutrophils can be demonstrated
both experimentally and clinically (can-
didiasis being associated with deficien-
cies in the number and function of neu-
trophils) (Vartivarian and Smith, 1993).
Evidence for the importance of CMI 
comes from animal studies and the well-
documented association between spe-
cific defects in CMI and chronic muco-
cutaneous candidiasis (Vartivarian and 
Smith, 1993). Similarly HIV infection is
associated with oral and oesophageal
candidiasis. However these defects in 
CMI predispose to superficial, muco-
cutaneous candidiasis not deep-seated
invasive candidiasis (Matthews et al.,
1988a). Numerous studies have shown
immune sera to be protective in animal
models of candidiasis involving sys-
temic forms of the infection resulting
from intravenous injection with Candida 
(Casadevall, 1995; Matthews et al.,
1996). Many of these early experiments
were conducted with immune sera in 
which the nature of the protective anti-
body was uncharacterised. Without 
knowing the titre or specificity of the
antibody such experiments were difficult
to reproduce. It is now possible not only
to characterise an antibody and its target,
defining its sequence and mapping
epitopes reactivity, but also to bulk
produce it to current Good Manufac-

turing Standards (camp) at an economi-
cally viable cost. Antibody-based thera-
peutics can now be significant contend-
ers in the development of novel antifun-
gal drugs. Unlike vaccines, they avoid
the need for the recipient to be immuno-
competent and provide an immediate 
benefit to the patient – as required for a
life-threatening infection.

Analysis of the antibody response
produced by patients, being treated with
amphotericin B, who survived invasive
candidiasis, showed that such patients
produced a strong, sustained antibody
response to the 47 kilodalton antigen
(Matthews et al., 1984,1987). On se-
quencing this was identified as the car-
boxy end of the stress protein heat
shock protein 90 (hsp90) (Matthews 
and Burnie, 1989; Panaretou et al.,
1999; Swoboda et al., 1995). Fatal cases
produced no or falling antibody titres to
this antigen. Antibody to this antigen is
significantly (p<0.05) commoner in pa-
tients with systemic candidiasis than
those colonised with Candida (Porsius 
et al., 1990), and common in patients
with AIDS and chronic mucocutaneous 
candidiasis (Matthews et al., 1988a). 
Epitope mapping (Matthews et al.,
1991a) defined the immunodominant
antibody binding site of hsp90 and this
epitope was used to raise both mouse
monoclonal and human recombinant 
antibodies, which were protective in
mouse models of invasive candidiasis 
(Matthews et al., 1991b,1995). Ho-
mologous epitopes have been identified
in both yeasts and filamentous fungi,
namely C. albicans, C. parapsilosis,
Torulopsis glabrata, Candida tropi-
calis, Candida krusei and Aspergillus
fumigatus (Matthews, 1991; Santhanam 
and Burnie, 2000; Burnie and Matthews,
1991; Kumar et al., 1993). Mycograb®
is a human genetically recombinant an-
tibody (“grAb”) against the immuno-
dominant epitope of the Candida hsp90
antigen, which has been produced to 
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cGMP standards and is currently being culture-confirmed invasive candidiasis. 
assessed in clinical trials in patients with 

HEAT SHOCK PROTEIN 90: AN ANTIGEN TARGET 

Heat shock proteins (also known as
stress proteins) are ubiquitous families
of proteins, produced both constitutively
and inducibly, in response to a wide va-
riety of stressful stimuli. The hsp90
family plays an essential role in cell
physiology (Csermely et al., 1998; 
Matthews et al., 1998) acting as mo-
lecular chaperones for a variety of cel-
lular proteins, including steroid recep-
tors, protein kinases involved in signal
transduction and endothelial nitric-oxide 
synthase. Their induction in response to
stressful stimuli is a means of helping
the cell to protect its components from
the degradative effects of stress. When
an organism invades the host, its envi-
ronment becomes highly stressful -
temperature, pH, ionic strength and nu-
tritional composition all abruptly change 
- and it comes under attack from the 
host's immune system. In response, hsp
levels rise in the invading pathogen
which, by chaperoning key cellular pro-
teins, helps to counter-balance the de-
gradative effects of this adverse envi-
ronment. In turn, the hsps themselves
have become abundant targets against
which the host directs its immune re-
sponse. There are many bacterial, para-
sitic and fungal infections in which hsps
have been identified as immunodomi-
nant antigens, and in some cases it has
now been established that this immunity
is protective. For example, in animal
models of tuberculosis and histoplas-
mosis, vaccination with hsp65 and
hsp60, respectively, induced protective
cell-mediated immunity (Bonnefoy et al.,
1994; Matthews et al., 1998). Vaccine-
induced antibody to hsp90 has been
correlated with protection against ma-
laria in a squirrel monkey model (Bon-

nefoy et al., 1994).
Hsp90 is essential for yeast viability.

In the relatively non-virulent yeast Sac-
charomyces cerevisiae, deletion of the
two genes encoding hsp82 (the homo-
logue of C. albicans hsp90) leads to cell
death, while deletion of one gene leaves
the yeast viable but unable to grow at
higher temperatures (Borkovich et al.,
1989). Higher concentrations of hsp82
are required for growth at temperatures
above the optimal growth temperature.
The hsp90 of C. albicans can confer 
hsp90 functions in S. cerevisiae (Pana-
retou et al., 1999). Overexpression of
hsp90 by a transformant of S. cerevisiae 
was associated with a significant in-
crease in virulence in mice compared to
the parent strain, producing an infection
more like that seen with C. albicans 
(Hodgetts et al., 1996). Therefore, hsp90
appears to be a virulence factor and 
overexpressed hsp90 may play a key
part in helping the yeast adapt to its new
stressful environment at higher body
temperatures.

Protein extracts from exponentially
growing C. albicans or S. cerevisiae 
yield not only full length hsp90 but also
subfragments of 72-76 kDa and 47 kDa,
which are the result of partial deg-
radation within viable yeast cells (Pana-
retou et al., 1999). Mice infected with
candidal protoplasts failed to produce an
antibody response to hsp90 or its sub-
fragments (Pitarch et al., 2001), com-
patible with loss of this antigen family
during removal of the yeast cell wall.
Immuno-electronmicroscopy studies 
suggested partial localisation of the 47
kilodalton antigen in the cell wall (Mat-
thews et al., 1988b), and immunohisto-
chemical staining of infected mice kid-
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ney sections suggests binding of My-
cograb® around yeast cells. Likewise,
surface-expressed hsp90 serves as an
antigen in Chagas' disease, ascariasis,
leishmaniasis, toxoplasmosis and infec-
tion due to Schistosoma mansoni 
(Johnson et al., 1989; Kumari et al., 

1994; Dragon et al., 1987; Rojas et al., 
2000; Streit et al., 1996).

These features make an antibody-
based hsp90 inhibitor, replicating a 
naturally occurring antibody response to
candidal hsp90, an obvious candidate for
combination antifungal therapy. 

MYCOGRAB®: AN ANTIFUNGAL ANTIBODY AGAINST HSP90
 

Mycograb® was derived from the 
anti-hsp90 antibody cDNA of patients
recently recovered from invasive can-
didiasis (Matthews and Burnie, 2001; 
Matthews et al., 2003). It consists of the
antigen-binding variable domains of 
antibody heavy and light chains linked
together to create a recombinant protein
which is expressed in Escherichia coli. 
It does not have an Fc component and
therefore its activity is not dependent on
recruitment of white blood cells or com-
plement. It is simply dependent on its
ability to bind to and inhibit hsp90. Its
antifungal activity in vitro can be dem-
onstrated using assays designed to as-
sess conventional antifungal drugs 
(Matthews et al., 2003). It has shown a
broad range of activity against all yeasts
tested – compatible with the conserved
nature of the target antigen in different
yeast species. Using these same assays
it is possible to demonstrate synergy
with amphotericin B (Matthews et al.,
2003). In contrast, for all strains exam-
ined to date, it has usually shown indif-
ference when used in combination with 
fluconazole - the exception being a flu-
conazole-sensitive strain of C. albicans 
with which it showed synergy. This
mutual enhancement of activity when
combined with amphotericin may simply
reflect the effect of combining two drugs
directed against two different targets
within the fungus or it may have as its
basis the increased leakiness of yeast
cells in the presence sub-lethal doses of
amphotericin, thereby giving Myco-

grab® greater access to intracellular
hsp90 (Matthews et al., 2003).

Serum levels of amphotericin B in
patients are 1 to 2 µg/ml (Bekersky et al., 
2002; Bindschadler et al., 1969; Groll et 
al., 1998), consistent with a therapeutic
response occurring when the minimum
inhibitory concentration (MIC) of the
Candida isolate is equal or less than 0.5 
µg/ml (Rex et al., 2001), but therapeutic
failure when the MIC is greater than to 1 
µ g/ml (Nguyen  et al., 1998). My-
cograb®, at levels readily achievable in
the serum, is able to significantly reduce
the MIC of amphotericin B to 0.5 µg/ml
or less, even for strains which previously
had an MIC > 1 µg/ml (Matthews et al., 
2003).

In a mouse model of systemic can-
didiasis, intravenous administration of
Mycograb® alone produced a statisti-
cally significant improvement in the in-
fections caused by each species exam-
ined (Matthews et al., 2003). Ampho-
tericin B alone cleared the C. tropicalis
infection, but failed to clear infections
caused by C. albicans, C. krusei, C. 
glabrata or C. parapsilosis from one or 
more organs. By combining My-
cograb® with amphotericin B, complete
resolution of infection was achieved for 
C. albicans, C. krusei and C. glabrata;
for C. parapsilosis the liver and spleen
were cleared, but renal counts were un-
altered by either drug alone or in com-
bination (Matthews et al., 2003).

The immunological reactivity of My-
cograb® with candidal hsp90 can be 
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demonstrated by immunoblot, immuno-
histochemistry and by ELISA (present-
ing the target epitope as a synthetic pep-
tide). Following two dimensional gel
electrophoresis of candidal extracts, the
Mycograb® preferentially binds to the
two truncated forms of hsp90, repre-
sented by the 40 and 47 kDa spots – 
indicating that the epitope is more ac-
cessible to antibody binding here than in
the full-length hsp90 protein (Matthews 
et al., 2003). This is compatible with the
observation that patients recovering from
invasive candidiasis much more 
commonly had antibody against the 47
kDa antigen band on immunoblots of a
one-dimensional gel of Candida than 
antibody to the full-length hsp90 protein
(Matthews et al., 1984, 1987; Matthews 
and Burnie, 1989).

At the primary structure level, hsp90
is composed of three domains: The N-
terminal region (Met1-Arg400), the mid-
dle region (Glu401-Lys615) and the C-
terminal region (Asp621-Asp732) (Mat-
sumoto et al., 2002). The assembly of
the hsp90-substrate protein complex
requires ATP and involves a conforma-
tional change in the hsp90. Hsp90 has
two ATP binding sites, one in the C-
terminal domain and one in the N-ter-
minal domain. The C-terminal ATP 
binding site is the first example of a 
cryptic chaperone nucleotide-binding
site, which is opened by occupancy of
the N-terminal site (Soti et al., 2002).
This process requires communication
between these two sites through the
middle domain, which has a γ-phos-
phate-binding motif similar to other 
GHKL family members involving
QQSKILKVI, which overlaps the N-
terminal end of the peptide recognised
by Mycograb® (Matthews et al., 1991a; 
Dutta and Inouye, 2000). The impor-
tance of the middle region in yeast
hsp90 is illustrated by the finding that
point mutations in this domain caused
deficient binding to the N-terminal re-

gion which in turn was associated with
the yeast cells being unable to grow
higher temperatures (37°C) (Matsumoto 
et al., 2002). Since the interaction be-
tween the N-terminal and middle regions
is essential for the in vivo function of 
hsp90 in yeasts (Matsumoto et al.,
2002), this could explain the antifungal
activity of both Mycograb® (which
binds the middle region) and radicicol
(which binds the N-terminal region) 
(Schulte et al., 1999).

Hsp90 is part of the steroid hormone
receptor superfamily of proteins (Pratt,
1993). In the water mold Achlya ambi-
sexualis, sexual reproduction involves
branching in the opposite mating type,
which is induced by the binding of a
steroid hormone to a steroid hormone 
receptor complexed with hsp90 (Brunt 
and Silver, 1986). Induction of hsp90 by
steroids may be responsible for the 
upregulation of the stress response in C. 
albicans observed following treatment 
with 17-β-oestradiol (O’Connor et al., 
1998). The frequency of Candida in-
fections in pregnant women and the
oestrogen-dependence of Candida 
colonisation in the rat model, could be
linked to this steroid-induced enhanced 
protection, which results in the treated
yeasts becoming resistant to an other-
wise lethally high temperature (48.5°C)
and oxidative stress (menadione expo-
sure). Exposure to the steroid also in-
duced yeast-to-hyphal transformation
(which is thought to be linked to viru-
lence) and increased colony size.

There may be additional means by
which Mycograb® achieves benefits in
the infected human host, since the epi-
tope recognised by this antibody is
highly conserved and present in human
hsp90 (Hickey et al., 1986; Matthews et 
al., 1991a). The binding of hsp90 to en-
dothelial nitric oxide synthase leads to
the release of nitric oxide (Garcia-
Gardena et al., 1998) which in turn 
regulates cardiovascular haemodynam-
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Figure 1: Mean serum levels (with standard deviation) of Mycograb in 10 patients given 
Mycograb at a dose of 1 mg/kg body weight b.d. for 5 days. 

ics and causes large vessel vasodilata-
tion. Other pathways catalysed by hsp90
include activation of the prekallikrein-
kininogen complex, leading to release of
bradykinin, another active biological – 
responsible, for example, for the angio-
oedema seen with ACE inhibitors 

(Kusukam et al., 2002). Inhibition of
such pathways, which could be activated
by release of endogenous human hsp90
from damaged tissues or candidal hsp90
from lysed yeasts, may be of benefit in
counteracting many of the signs of sep-
tic shock. 

CLINICAL TRIALS
 

Mycograb® was first assessed in an
open-labelled, tolerance and pharmo-
cokinetic study, carried out in the UK,
involving five patients with invasive can-
didiasis receiving liposomal ampho-
tericin B (Abelcet®). After a test dose of
Mycograb® (0.1 mg/kg), a single dose
of Mycograb® was given (1 mg/kg)
followed, at least 24 hours later, by two
doses (1 mg/kg) given 8 or12 hours
apart. All patients were closely moni-
tored both clinically and by a wide range
of laboratory parameters (blood chem-
istry, haematology, coagulation profile).
No treatment-related adverse effects 

were observed. Mycograb® was unde-
tectable at the 0.1 mg/kg dose. Blood
samples taken 30 minutes after receiving
a single i.v. bolus of 1 mg/kg, gave se-
rum levels ranging from 1.5 to 4.0 mg/l.
Serum levels become undetectable by 8
hours. When two doses were given, with
an interval of 8 hours or 12 hours, a
slight increase in the levels occurred
following the second dose indicating 
some tissue accumulation. This first 
study was designed to obtain prelimi-
nary data on safety and pharmacokinet-
ics, and not for the assessment of effi-
cacy, but among the three patients who 
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Table 1: The serum pharmacokinetic data from the same 10 patients receiving Mycograb over 
a 5-day period. The data was interpreted by non-compartmental pharmacokinetic analysis PK
Solutions 2.0 for Cmax (µg/ml), AUC0-t, AUC0-∞, (µg (min/ml), t1/2∝ (min), t1/2β (hours) and

Mean Residence Time (MRT) (hours) 
——————————————————————————————————————— 

Day number (n = 10) 
—————————————————————— 

1 2 3 4 5 
——————————————————————————————————————— 

Cmax (µg/ml)
 
AUC 0-t (µg (min/ml)
 
AUC 0-∞ (µg (min/ml)
 
t1/2∝ (min) 

t1/2β (hours)
 
MRT (hours)
 

9.9 4.9 7.4 6.6 8.3 
13.2 10.0 9.5 12.1 27.7 
19.2 12.6 12.1 15.3 34.8 
18 24 18 24 24 
10.7 6.5 7.4 6.8 12.0 
10.8 6.8 6.9 6.9 14.4 

———————————————————————————————————————
 

received the full dose of 1mg/kg b.d.,
albeit only for 24 hours, there was an
association with cultures becoming
negative and improvement in one or
more clinical parameters.

Mycograb® is now the subject of a
double-blind, placebo-controlled effi-
cacy and safety study involving over 30
centres in 10 countries. All patients have
culture-confirmed invasive candidiasis 
and are being treated with liposomal
amphotericin B (Abelcet® or Ambi-
some®), in combination with a 5 day
course of Mycograb® (1 mg/kg b.d.) or
placebo (saline). Patients are carefully
monitored both clinically and by labo-
ratory parameters, including fungal cul-
tures. Assessment of efficacy is based
on clinical response, mycological re-
sponse, overall mortality and Candida-
associated mortality. In addition, the test
and control arm will be compared to
determine whether the need for pro-
longed courses of amphotericin B (> 10
days) is less in the Mycograb®-treated 
group – the aim being to develop a
shorter, more effective course of treat-

ment, using this combination of antifun-
gals, in place of a prolonged course of
monotherapy with its associated in-
creased cost and risk of toxicity.

So far, blood samples taken for 
pharmacokinetics (Figure 1) have sug-
gested serum levels are not affected by
varying degrees of renal insufficiency,
liver failure or the patient receiving
haemodialysis. Mycograb® was not 
detectable in urine samples The data was
interpreted by non-compartmental
pharmacokinetic analysis PK Solutions
2.0 for Cmax (µg/ml), AUC0-t, AUC0-∞,
(µg (min/ml), t1/2∝ (min), t1/2β (hours)
and Mean Residence Time (MRT)
(hours). This showed (Table 1) that the
Cmax levels obtained were generally in
the range required to achieve demon-
strable synergy with amphotericin B in 
vitro for the strains of C. albicans, C. 
krusei and C. tropicalis (4 µg/ml) and 
C. glabrata and C. parapsilosis (8 
µg/ml). Mouse pharmacokinetic studies
suggest that tissue levels may be sus-
tained for longer periods than serum 
levels (Matthews et al., 2003). 

OTHER DISEASE TARGETS 

Other infectious diseases in which of the organism and its ability to meet
hsp90 plays a key role in the physiology the challenge of survival in the human 

128 



 
 

 

 

 

 

 

 
 

 

 

 

  

host, could benefit from treatment with
an hsp90 inhibitor such as Mycograb®.
Hsp90 is an immunodominant antigen
in Aspergillus fumigatus (Burnie and 
Matthews, 1991; Kumar et al., 1993).
The role of humoral immunity in host
defence against aspergillosis is 
uncertain, but Mycograb®, given in
combination with a cell-wall active 
antifungal such as amphotericin B or an
echinocandin, may be able to reach the
target hsp90 and inhibit it, and thereby
be of benefit in the treatment of invasive 
a spe rg i l l o s i s .  S ince  invasive 
aspergillosis is relatively refractory to
treatment, it is likely that a more 
prolonged course, and possibly higher
doses, of Mycograb® would be required
in such cases. 

Several different families of hsps
play important roles in parasitic infec-
tions, being involved in differentiation,
protection from the host cell’s killing
mechanisms and virulence (Polla, 1991).
The importance of humoral immunity to
malaria was demonstrated by Cohen et 
al. (1961), who showed clinical 
improvement in African children suf-
fering from severe malaria following
passive transfer of immunoglobulin
from immune adults. Bonnefoy et al. 
(1994), in a squirrel monkey vaccination
trial found a close correlation between 
antibody response to hsp90 and resis-
tance to heavy challenge from highly
virulent Plasmodium falciparum. Analy-

sis of the antibody responses to hsp90,
hsp70 and hsp65 in Thai patients with
malaria showed that antibody titres to
hsp90 were particularly high (Zhang et 
al., 2001). Recently it has been shown
that hsp90 is essential for P. falciparum
growth in human erythrocytes, sug-
gesting hsp90 as a potential drug target
for antimalarials (Banumathy et al., 
2003).

Other candidal antigens which could
be used as targets for the development
of therapeutic antifungal antibodies in-
clude cell-surface adhesins, antibodies to
which can prevent binding of the yeast
to host cell receptors (Lee et al., 1996),
heat shock mannoproteins (Polonelli et 
al., 1994a) and yeast killer-toxin-like
anti-idiotype antibodies (Polonelli et al.,
1994b). The close association between
recovery from cryptococcosis and the
host’s antibody response to the 
polysaccharide capsule of this yeast
makes antibody therapy an attractive 
goal, which is being explored by 
Casadevall and co-workers. Passive 
administration of monoclonal antibodies 
against the capsular polysaccharide of
C. neoformans can prolong the survival
of lethally infected mice (Shapiro et al.,
2002), provided the murine antigen-
binding V regions are paired with hu-
man C regions of the correct isotype, in
these mouse-human chimeric antibodies 
(McLean et al., 2002). 

CONCLUSION
 

Antifungal antibodies offer a new 
approach to the treatment of these im-
portant, life-threatening infections. They
provide a means of directly applying our
growing knowledge of the immunology
and pathogenesis of candidiasis to the
development of completely novel thera-
peutics. By using passive antibody ther-
apy rather than vaccines, they avoid the 

need for the recipient to be immuno-
competent and provide an immediate 
benefit to the patient. They are a natural
partner for combination therapy. My-
cograb® has been primarily designed
for use in combination with existing
cell-wall active antifungal drugs, which
facilitate its penetration to the target
hsp90 antigen. It is believed that the 
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synergy between Mycograb® and am- the treatment of other infectious diseases 
photericin B will provide a much more in which hsp90 plays a key role in the
effective therapeutic combination, which survival of the pathogen in the host, and
treats the infection relatively quickly, may include invasive aspergillosis and
thereby reducing cost and risk of toxic- malaria. 
ity. Future potential applications lie in 
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SUMMARY 

Staphylococci have become the most common causes of nosocomial
bacterial infections, and this fact, along with increasing problems associ-
ated with antimicrobial resistance, spurs the need for finding immuno-
therapeutic alternatives to prevent and possibly treat these infections.
Most virulent, clinical isolates of both coagulase-negative staphylococci
(CoNS) and Staphylococcus aureus carry the ica locus which encodes 
proteins that synthesise a polymer of ß-1-6 linked N-acetyl glucosamine
residues (PNAG). Animal studies have shown purified PNAG can elicit
protective immunity against both CoNS and S. aureus, suggesting its
potential as a broadly protective vaccine for many clinically important
strains of staphylococci. 

INTRODUCTION 

In the past 25 years Gram-positive for standard antibiotic therapy. The
cocci in general, and staphylococci in challenge of developing such reagents
particular, have become the primary lies principally in identification of anti-
bacterial organisms isolated from noso- genic targets for vaccines and definition
comial infections (Richards et al., 1999; of immune effectors that mediate resis-
Sohn et al., 2001). Associated with this tance to infection. 
increase in occurrence is the increase in For extant vaccines that prevent bac-
antimicrobial resistance (Lowly, 2003; terial infections by targeting the killing
DeLisle and Perl, 2003) which has lead of the microbial cell, surface polysac-
to intense interest in alternative strategies charides have been the most effective. 
to prevent and control infection. One Usually these are referred to as capsular
obvious approach is the development of polysaccharides, and immunogenic
immunotherapeutics that could be used polysaccharides or protein-polysaccha-
prophylactically for prevention of ride conjugates from Haemophilus in-
infection in high-risk patients and fluenzae, Streptococcus pneumoniae and 
possibly therapeutically as an adjunct Neisseria meningitidis have proven 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 872-879 (2004). All references should be made to
the original article. 
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highly successful in controlling infec-
tions due to these pathogens (Lakshman 
and Finn, 2002; Pelton, 2002; Obaro,
2002; Pozsgay, 2000; Barbour et al., 
1995; Ward, 1991). Many comparable
vaccines based on surface polysaccha-
rides are being developed for bacterial
pathogens such as group B streptococ-
cus (Baker  et al., 1999), Klebsiella 
pneumoniae (Campbell et al., 1996), 
Enterococci (Huebner et al., 1999,2000)
and Pseudomonas  aeruginosa
(Theilacker et al., 2003; Hatano and 
Pier, 1998). This is predicated upon the
strong consensus that when it is feasible
to induce immunity to bacterial surface
polysaccharides this usually results in
the most effective vaccine. 

For Staphylococcus aureus, two
major groups of surface polysaccharides
have been identified and targeted for
vaccine development. Work by
Karakawa and colleagues (Fournier et 
al., 1984; Sompolinsky et al., 1985; Mo-
reau et al., 1990) established a capsule
typing system for S. aureus composed
on 11 different serologic types. Two of
these, types 1 and 2, appear to be ex-
pressed by only individual clones of S. 
aureus and are not found among clinical
isolates (Murthy et al., 1983; West et al.,
1987). However, for the remaining 9
serotypes, only two of these, types 5 and
8, have actually been shown to be anti-
gens that represent serologically distinct
capsules (Fournier et al., 1984; Moreau 
et al., 1990). There is no antigenic or
definitive serologic characterisation for
any of the other capsule types that indi-
cates they are distinct surface polysac-
charides. However, the vast majority of
isolates of S. aureus express either the
type 5 or type 8 capsule, making these
reasonable targets for vaccine develop-
ment. Indeed, intense interest has been
focused on such development (Shine-
field et al., 2002; Lee et al., 1997; Naso 
and Fattom, 1996; Welch et al., 1996; 
Fattom and Naso, 1996; Fattom et al., 

1996) and a recent clinical trial of a bi-
valent type5/type 8 conjugate vaccine
given to haemodialysis patients showed
a reduction in rates of bacteraemia dur-
ing the early phases of the study, but
this reduction was not maintained at the 
conclusion of the study after 54 weeks
(Shinefield et al., 2002).

A second surface polysaccharide,
found on both S. aureus and S. epider-
midis, is a poly-N-acetyl glucosamine
(PNAG) antigen associated with a num-
ber of important biologic and pathologic
properties of these organisms (Tojo et 
al., 1988; Kojima et al., 1990; Takeda et 
al., 1991; Muller et al., 1993a; Mack et 
al., 1994,1996; McKenney et al., 1998).
The antigen was first described by Tojo
et al. (1988) as the capsular polysaccha-
ride/adhesin (PS/A) of S. epidermidis
although a definitive chemical composi-
tion and structure was not given. The
first report on the chemical properties of
this antigen came from Mack et al. 
(1996) who had previously attributed to
this antigen the property of mediating
intercellular adherence of coagulase-
negative staphylococci (CoNS) and 
named the factor the polysaccharide in-
tercellular adhesin (PIA). Later on 
McKenney et al. (1999) found the same
material expressed in S. aureus, al-
though they mistakenly identified N-
acetyl succinate as a major component
of the vaccine. Recent studies have cor-
rected this misidentification (Maira-Li-
tran et al., 2002a) and attributed it to the
generation of a degradation product of
the PNAG molecule that was produced
during acid hydrolysis in order to per-
form NMR determinations of the 
structure of PS/A (Joyce et al., 2003).
Another variant of the PNAG polymer
was described as the slime-associated 
antigen (SAA) (Baldassarri et al., 1996) 
which was reported to contain about 
70% glucosamine. Likely the rest of the
material was contaminants. Finally,
Rupp and colleagues (1992) described a 
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haemagglutinin of S. epidermidis, which PS/A, PIA and SAA are all chemically
was later shown to be PIA (Mack et al., PNAG. 
1999) There is now clear consensus that 

PS/A, PIA AND PNAG-RELATEDNESS OF THEIR CHEMICAL

AND BIOLOGICAL PROPERTIES
 

PS/A was identified by immunologic
means as a capsule of many important
clinical isolates of CoNS that had the 
property of forming a biofilm or pro-
ducing “slime” in vitro when grown on 
plastic or glass (Tojo et al., 1988).
Christensen and colleagues (Christen-
sen et al., 1982,1983a; Younger et al., 
1987; Baddour et al., 1988) were in-
strumental in identifying slime-produc-
ing CoNS as major causes of biomedi-
cal device infections starting in the early
1980s. Isolation of PS/A identified a
major factor in the slime whose proper-
ties appeared to promote adherence of
bacteria to plastic and formation of a 
biofilm (Tojo et al., 1988). Transposon
mutants were identified that lost pro-
duction of PS/A (Muller et al., 1993b),
but the exact genes that were interrupted
were never identified. The PS/A mutants
were found to have reduced virulence in 
models of endocarditis (Shiro et al.,
1994,1995) and expression of PS/A an-
tigen was needed to promote resistance
of CoNS to innate opsonic factors.

PIA was first described in 1992 by
Mack et al. (1992) as a factor whose ex-
pression was induced by glucose lead-
ing to increased intercellular adhesion
among CoNS. A genetic locus in CoNS
involved in production of a hexosamine
polysaccharide involved in intercellular
accumulation was then identified in a 
strain of S. epidermidis. PIA was next 
isolated and purified and then reported
to be a small molecular weight (<28
kDa) linear polymer of ß-1-6-linked N-
acetyl glucosamine residues (Mack et al.,
1996) with some O-linked substituents
of succinate and phosphate. Heilmann et 

al. (1996a) followed this up by
identifying the biosynthetic locus for
PIA, termed the ica locus for intercellu-
lar adhesin and initially reported the
presence of 3 open reading frames
(ORFs), ica, icaB, and icaC and a diver-
gently transcribed apparent regulator, the
icaR gene, separated from icaA by an
approximately 200 base-pair promoter
region. A fourth ORF, icaD, was then 
identified (Gerke et al., 1998) whose
coding sequence started in the 5’ end of
the ica gene and finished in the 3’
beginning of the icaB gene. Expression 
of the icaA and icaD proteins in
membranes resulted in the synthesis of
an oligomer of ß-1-6-linked N-acetyl
glucosamine about 20 residues in length
using UDP-N-acetyl glucosamine as a
starting substrate, and addition of the
icaC protein further increased the oli-
gomer’s size. The role for icaB remains 
undefined. Clearly these genes and their
protein products are responsible for 
synthesis of the PIA.

The distinction between PIA and 
PS/A was founded on the reported in-
ability to show that the ica locus was 
needed for initial adherence of CoNS to 
plastic tissue culture wells that were
manufactured in Europe (Heilmann et 
al., 1996b). However, in the same report,
loss of ica genes resulted in a loss of
adherence of S. epidermidis to glass
(Heilmann et al., 1996b). Thus it was
suggested that PS/A mediated the initial
adherence of CoNS to plastic and simi-
lar surfaces while PIA mediated accu-
mulation of the cells into a biofilm i.e.,
intercellular accumulation. When 
McKenney et al. studied (1998) the 
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Figure 1: Biofilm formation in tissue culture wells (Corning) by S. carnosus carrying a plasmid 
with the ica genes from S. epidermidis (pCN27) and expressing PNAG or carrying the plasmid
without additional DNA (pCA44). In contrast to the initial report that S. carnosus (pCN27) did not 
make a biofilm on plastic (Heilmann et al., 1996a) this experiment showed that with the Corning
brand of tissue culture plate a biofilm is formed. The inability of S. carnosus (pCN27) to form a
biofilm on one brand of tissue culture plate was the basis for distinguishing PIA and PS/A, which
are now clearly known to be the same molecule. 

cloned ica genes expressed in S. carno-
sus provided by Heilmann et al. (1996b)
they found in fact they could isolate the
PS/A material and indicated it was a
high molecular weight glucosamine
polymer containing N-linked succinate.
However, the succinate was sub-
sequently found to have been misidenti-
fied (Maira-Litran et al., 2002a; Joyce et 
al., 2003) and, in fact, they had isolated a
high molecular weight ß-1-6-linked N-
acetyl glucosamine with evidence of
small amounts of O-linked succinate 
and acetate. Thus, both PS/A and PIA
were found to be chemically identical,
with some differences reported in the
molecular size and larger differences in
the biologic functions of these 
molecules. 

As it turned out, the claim that PS/A
mediated initial adherence of CoNS to 

plastic and PIA the accumulation of cells
into biofilms was largely predicated on
the results of studies with S. carnosus 
carrying the cloned ica genes and its
interaction with tissue culture wells. 
When Heilmann performed the biofilm
assay on tissue culture plates from the
United States (Corning Brand) using the
identical methods she used in Germany
to characterise the ica locus, she found 
that in fact S. carnosus carrying the ica 
genes readily formed a biofilm on the
plastic plates manufactured in the United
States (Figure 1). Thus, even this 
distinction between PS/A and PIA was
found to be due to some trivial 
differences in manufacture of tissue 
culture wells and it is now accepted that
PIA and PS/A are the same chemical
entity-PNAG. 

OCCURRENCE OF ICA GENES AND PNAG-EXPRESSION
 
IN S. AUREUS
 

In 1999 McKenney et al. (1999) re- pression of the PNAG antigen (incor-
ported that the ica genes were present in rectly identified as poly-N-succinyl glu-
clinical isolates of S. aureus and ex- cosamine or PNSG) was mostly associ-
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Figure 2: Induction of expression of PNAG in clinical isolates of S. aureus following growth in
glucose-supplemented media. Strains were grown in either brain-heart infusion broth (BHIB) or
BHIB supplemented with 0.25% glucose (BHIB/G) overnight, cells recovered by centrifugation and
used to adsorb out a standard dilution of rabbit antibody to purified PNAG (McKenney et al., 
1999). The antiserum was added to an ELISA plate coated with purified PNAG and the percentage
inhibition of antibody binding measured. The geometric mean percentage inhibition of antibody
binding, indicative of PNAG-expression, was significantly lower (p<0.01, t-test) in strains grown
in BHIB compared to those grown in BHIB/G. 

ated with in vivo growing organisms. biofilm formation by this organism.
However, when grown in vitro in rich This report made no distinction between
medium (brain heart infusion broth) initial adherence and accumulation of 
supplemented with glucose, there was cells into biofilms. As both properties in
increased expression of the PNAG anti- S. aureus were affected by deleting most 
gen (Figure 2). They also showed ex- of the ica locus. Several subsequent
pression of PNAG by S. aureus in lung reports confirmed that the ica genes
sections from 2 cystic fibrosis patients were found in most clinical isolates of S. 
and in 6 of 9 sputum samples also from aureus (Fowler et al., 2001; Arciola et 
cystic fibrosis patients (McKenney et al., al., 2001) and those reports that did not
1999). Strains of S. aureus isolated find ica genes in the majority of isolates 
from infected mice had increased PNAG (Arciola et al., 2001) were criticised for
expression in vitro, but after 5 passages using primers designed for the S. 
the expression returned to a low state epidermidis ica genes for investigating 
(McKenney et al., 1999). Cramton et al. S. aureus (Rohde et al., 2001). There is
(1999) rapidly followed this up with a about 70-80% identity at the nucleotide
similar report that the ica locus was level of the ica genes in these two 
present in S. aureus  and was needed for species (M c K e n n e y  e t  al., 
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Figure 3: Virulence of a wild-type and isogenic mutant of S. aureus strain 10833 deleted for the 
ica locus in a rat model of endocarditis (Lee et al., 1997). Rats with intra-aortic catheters were
infected with the dose of the wild type or mutant strain indicated on the X-axis and sacrificed at the
time shown above the data bars, endocardial vegetations identified, excised, weighed, homogenised
and serial dilutions plated for bacterial enumeration. The lower limit of detection (10
CFU/vegetation) is indicated and rats challenged with the indicated doses had no detectable 
vegetations or bacteria in their hearts. Bars represent means and error bars the SEM. Rats
challenged with the higher doses of the wild-type strain had to be sacrificed early as they would not
survive a longer period, further illustrating the enhanced virulence of the wild type strain compared
to the ica-mutant in this model of infection. By comparative analysis of the overall CFU/gm of
vegetation achieved, regardless of the day of sacrifice, it took approximately 4 logs more of the ica-
deleted strain to reach comparable vegetation levels as did the wild type parental strain. 

1999; Cramton et al., 1999), so primers strongly associated with invasive strains
based more on S. aureus sequences when compared with strains of S. 
would be optimal for finding these aureus carried by healthy blood donors 
genes in S. aureus. Among bovine iso- and the ica genes were one of these 7.
lates of S. aureus causing mastitis, Thus, the presence of ica and the ex-
100% of 35 strains were found to carry pression of PNAG is strongly associ-
the ica genes (Vasudevan et al., 2003). ated with virulent strains of S. aureus 
Peacock et al. (2002) identified 7 S. and S. epidermidis (Muller et al., 1993a; 
aureus genes encoding putative viru- Ziebuhr et al., 1997; O’Gara and Hum-
lence factors out of 33 studied that were phreys, 2001). 

ROLE OF THE PNAG SURFACE POLYSACCHARIDE IN
 
VIRULENCE OF STAPHYLOCOCCAL INFECTIONS
 

Accepting that PS/A, PIA and SAA the virulence of infections due to CoNS. 
are all basically PNAG polymers syn- However, outside of epidemiologic as-
thesised by proteins encoded by the ica sociations of the occurrence of the ica 
locus, there is a fair amount of data that locus in invasive isolates of S. aureus 
this polymer plays an important role in (Peacock et al., 2002), there is surpris-
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ingly little information available about
the role of PNAG in virulence of this 
species. Data reported in abstract form
(McKenney et al., 2001) indicate a re-
duced level of virulence of S. aureus 
strains deleted for the ica locus when 
tested in a model of endocarditis in rats 
(Figure 3). In this model it was found
the infectious dose for 50% (ID5 0) of
the animals infected with the wild type
strain was <43 CFU, as all five animals
infected with this dose had evidence of 
endocarditis, while for the ica-deleted 
strain the ID5 0  was 6.9 x 106 CFU 
(p<0.001, logit analysis). Ten of 24
animals infected with the wild-type
strain at doses ≤106.3 died 7-9 days after
infection while none of 16 infected with 
the mutant strain died (p<0.001,
Fisher’s exact test). Thus, in endocardi-
tis it appears from this one study that
PNAG is a virulence factor for S .  
aureus. In contrast, Francois et al. 
(2003) reported no difference in viru-
lence between wild-type and ica deletent 
S. aureus strains in a model of foreign-
body infection using tissue cages im-
planted into guinea pigs. However, in
this model the cages are first implanted
in the animals and left for three weeks 
before infection, allowing the cages to
become coated with host proteins. Given
the ability of S. aureus to bind to nu-
merous host proteins including fibrino-
gen, fibronectin, collagen and others 
(Patti et al., 1994; Foster and Hook,
1998; Wann  et al., 2000) it is not 
surprising that when confronted with a
foreign body coated with host proteins
the surface PNAG is not required for
adherence and biofilm formation and 
thus a role in virulence may not be 
manifest in this setting.

Early studies on biofilm-producing
phenotypic variants of S. epidermidis 
(Christensen et al., 1983b,1987) indi-
cated that the variants unable to make a 
strong biofilm were less virulent in a 
mouse model of foreign body infection. 

In contrast, Patrick et al. (1992) sug-
gested in vitro slime production was not
necessarily associated with pathogenesis
of CoNS, particularly in the absence of a
foreign body. A later study in mice
showed wide heterogeneity in the ability
of strains of CoNS with different 
biofilm phenotypes to produce infec-
tions (Patrick et al., 1995) but concluded 
there was some association between 
biofilm elaboration and virulence. 
Deighton et al. (1996) compared the
virulence of 5 biofilm-positive and 5
biofilm-negative strains in a mouse ab-
scess model without a foreign body im-
planted and found the biofilm-positive
strains caused more abscesses that per-
sisted longer with higher bacterial 
counts compared with the 5 biofilm-
negative strains. However, these studies
were conducted without knowledge as to
the biochemical or genetic basis for
biofilm production and classifying
strains as biofilm positive or negative
was based on in vitro measurements,
which are known to vary widely based
on conditions used to assess biofilm 
formation. 

Subsequent studies with genetically
manipulated strains of S. epidermidis 
gave more conclusive data that the 
biofilm-positive phenotype was associ-
ated with virulence. Transposon mutants
of S. aureus strain M187 that lead to a 
biofilm-negative phenotype (Muller et 
al., 1993b) were found to be avirulent in
a rabbit model of endocarditis (Shiro et 
al., 1994) following high-dose inocula-
tion, and similarly were poorly virulent
in a model of endocarditis following
haematogenous spread from a contami-
nated intravascular catheter (Shiro et al.,
1995). These studies focused on the role
of the PNAG-polymer as an anti-
phagocytic bacterial capsule, that in ad-
dition to promoting adherence of 
Staphylococci to biomaterials also pre-
vented opsonic killing due to endoge-
nous complement and phagocytic activ-
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ity. However, Perdreau-Remington et al. 
(1998) did not find any difference in
virulence in a rabbit model of endo-
carditis when comparing the strong
biofilm-producing S. epidermidis strain 
RP62A with a chemical mutant deficient 
in production of biofilm. In a rat model
of intravenous catheter associated infec-
tion (Ulphani and Rupp, 1999), Rupp et 
al. (1999) showed that there was less
infection with a mutant of S. epidermidis
strain 1457 unable to make the PNAG 
polymer compared with the parental
strain. Another study showed the same
effect with an ica mutant in strain O-47 

(Rupp et al., 2001). In a related model of
foreign body infections in mice, the
same strain of S. epidermidis deficient 
in production of biofilms caused fewer
abscesses and adhered to the implanted
foreign body less well than did the
parental strain. Overall, the general
consensus from these studies is that 
elaboration of the PNAG polymer by
CoNS, particularly S. epidermidis, is not
only epidemiologically associated with
pathogenic strains (Gelosia et al., 2001)
but plays an important role in virulence
as determined by animal studies. 

ROLE OF THE PNAG SURFACE POLYSACCHARIDE
 
IN VACCINATION
 

As ica genes and PNAG-expression 
are found commonly among clinical
isolates of both CoNS and S. aureus, it
is obviously an attractive vaccine candi-
date with the potential to elicit immunity
to both of these common causes of 
nosocomial infection. As this polymer
was first identified as PS/A in CoNS,
the first studies on the vaccine potential
of the PNAG polymer were performed
with the PS/A material, although the
level of purity of the vaccine could not
be ascertained as its chemical nature was 
not known at the time. Nonetheless,
from subsequent studies it is highly
likely that the major component of the
vaccine was PNAG. This immunogen
was shown to reduce the number of 
days that rabbits had positive blood
cultures, in comparison to non-immune
controls, in a model of catheter-related
bacteraemia (Kojima et al., 1990). Pas-
sive therapy using polyclonal and
monoclonal antibody to the polymer
also conferred protection. In a rabbit 
model of endocarditis, immunisation
with the PS/A/PNAG polymer also
markedly reduced the rate of occurrence
of positive blood cultures and protected 

against the development of infected 
vegetations (Takeda et al., 1991). When
it was discovered that the ica locus was 
present in most isolates of S. aureus and 
PNAG was expressed, it was also found
that active or passive immunisation 
protected mice against infection with 8
different clinical isolates in a kidney
infection model (McKenney et al., 1999).
Additionally, rabbit antisera raised to
purified PNAG has shown passive
protective efficacy against infection in a
rat model of endocarditis using a wild-
type strain of S. aureus but not an 
isogenic strain deleted for the ica locus 
(Figure 4). In this experiment, rats with
intra-aortic catheters were challenged
with S. aureus strain 10833 with either 
an intact or deleted i ca  locus; the 
challenge dose for the wild-type strain
was 2 x 104 CFU/rat whereas for the
less virulent mutant strain the challenge
dose had to be 9 x 106 CFU/rat in order
to achieve comparable levels of infected
vegetations with these two strains. Four
days after infection animals were sacri-
ficed and vegetations identified, excised,
weighed and homogenised for bacterial
levels. Immune serum to PNAG signifi-
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Figure 4: Passive protection mediated by rabbit antibody to purified PNAG in a rat model of
endocarditis. Animals with intra-aortic catheters were treated with 0.5 ml of either normal (NRS)
or immune serum to PNAG and then infected with either 2 x 104 CFU/rat of the wild-type, 
parental strain or 9 x 106 CFU/rat for the less virulent ica-mutant strain. This higher challenge
dose for the mutant strain was needed in order to achieve comparable levels of infection in the
aortic valve vegetations. Four days later animals were sacrificed and levels of bacteria in the
vegetations determined. Bars represent means and error bars the SEM. 

cantly (p=0.0014, t test) reduced the
bacterial levels in vegetations in rats in-
fected with the wild type strain but had
no effect in animals infected with the ica 
deletent (Figure 4). All 7 of the animals
infected with the wild-type strain and
treated passively with normal rabbit se-
rum had infected vegetations compared
with only 3 of 8 animals treated with
immune serum (p=0.02, Fisher’s exact
test). This experiment provided addi-
tional data indicating the potential of an-
tibody to PNAG to protect against S. 
aureus infection and also showed the 
specificity of the protection in regard to
the inability to protect against infection
with the strain lacking an intact ica lo-
cus. 

Although to date there are the only 3
published studies in the peer-reviewed
literature on the vaccine potential of
PNAG, there is continued on-going
work on the immunochemical properties
of the antigen to enhance immunogenic-

ity and protective efficacy. A recent ab-
stract (Maira-Litran et al., 2002b) indi-
cated that conjugating PNAG to diph-
theria toxoid enhanced its immuno-
genicity in mice and rabbits compared
with antibody levels obtained using un-
conjugated PNAG (Maira-Litran et al.,
2002a). The antisera had opsonic killing
activity against a variety of S. aureus 
strains and one S. epidermidis strain. 
Another abstract (Kropec et al., 2002)
showed that antibodies to PNAG were 
produced by cystic fibrosis patients with
staphylococcal colonisation or infection,
indicating that the antigen was expressed
in vivo at a sufficient level to induce 
antibody. Overall, continued work on a
PNAG vaccine is progressing, with both
direct animal studies and correlative 
studies on responses of infected humans
on-going, with the ultimate goal of a 
clinical assessment of active and passive
immunotherapies directed at this 
antigen. 
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CONCLUSION
 

It is now clear that the various forms 
of staphylococcal surface polysaccha-
rides identified as PS/A, PIA and SAA
are the same chemical entity-PNAG.
The structure was first identified by W.
Fischer as reported by Mack et al. 
(1996) although the material isolated in
this case was of a small molecular 
weight. Papers describing an N-linked
succinate component (McKenney et al.,
1998,1999) were incorrect in this identi-
fication (Maira-Litran et al., 2002a; 
Joyce et al., 2003). The biosynthetic
proteins for PNAG are encoded by the
ica locus first identified by Heilmann et 
al. (1996a) in S. epidermidis and subse-
quently by McKenney et al. (1999) in S. 
aureus followed shortly thereafter by
Cramton et al. (1999). Studies in S.  
epidermidis and other CoNS show a 
clear association of PNAG production
and virulence based on both epidemi-
ologic studies of clinical isolates and
animal studies of phenotypic variants
and genetic mutants. Immunisation with
PNAG protected against infection in 

rabbits due to catheter-associated bac-
teraemia (Kojima et al., 1990) and endo-
carditis (Takeda et al., 1991). In S .  
aureus, PNAG production is found in
virtually all clinical isolates and immuni-
sation has been reported to protect mice
against infection caused by up to 8 dif-
ferent clinical isolates (McKenney et al., 
1999). PNAG purified from an over-
producing mutant of S. aureus strain 
MN8 (Jefferson et al., 2003) is immu-
nogenic in laboratory animals (Maira-
Litran et al., 2002a) and work reported
in abstract form indicates conjugation of
PNAG to carrier proteins enhances im-
munogenicity. Further studies in differ-
ent animal models and identification of 
the optimal form of PNAG for testing in
animal, and eventually human, immuno-
genicity studies is clearly warranted and
if the proper types of immune effectors
mediating resistance can be identified
then there is a potential for PNAG to
mediate protective immunity against the
majority of virulent strains of CoNS and
S. aureus. 
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SUMMARY 

Staphylococcus aureus is the most common nosocomial pathogen
and is responsible for approximately one-third of hospital-acquired
bacteraemias. The emergence of strains with multidrug resistance, in-
cluding resistance to vancomycin, the antibiotic of last resort, presents
the medical community with a major public health problem. Alternative
therapies, including immunotherapy, have been in development for sev-
eral decades. The discovery of S. aureus capsular polysaccharides from
clinical isolates, and their importance to pathogenicity via anti-phago-
cytic activity, opened a new window of opportunity for development of
vaccines and immunotherapy against this pathogen. A conjugate vaccine,
StaphVAX™ that includes the two most prevalent capsular polysaccha-
rides, types 5 and 8, coupled to a carrier protein efficient in promoting a
Th2 response, was developed. In a recent Phase 3 clinical study in
haemodialysis patients, StaphVAX™ was shown to prevent S. aureus 
bacteraemia for up to 10 months following a single immunisation. The
history, epidemiology, serology, and development of StaphVAX™, in-
cluding preclinical and clinical studies demonstrating efficacy are de-
scribed in this review. 

INTRODUCTION 

S. aureus is the number one cause of and comprehensive survey that included
infection in hospitalised patients, ac- clinical sites in the USA, Canada,
counting for 20-25% of all nosocomial Europe, it was found that S. aureus ac-
infections (Pfaller et al., 1998). Contrary counted for 22% of all blood infections 
to the general belief, bacteraemia is the (8,929 of 40,497 infections), 23.2% of
most prevalent type of S. aureus in- all lower respiratory tract (3,371/14,552
fection in hospitalised patients, followed infections) and 39.2% (2,928/7,474 in-
by lower respiratory tract infections and fections) of all skin and soft tissue in-
skin/soft tissue infections. In a recent fections (Diekema et al., 2001, 2002). 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 880-887 (2004). All references should be made to
the original article. 
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The ability of S. aureus to acquire
antibiotic resistance and to adapt to new
antibiotics is well established (Lowy,
2003). It is well recognised that the ex-
tensive use of antibiotics has resulted in 
increased resistance among. S. aureus 
clinical isolates. In some areas, more
than 95% of S. aureus isolates are now 
resistant to penicillin or ampicillin and
more than 50% have developed resis-
tance to methicillin (Brumfitt and Hamil-
ton-Miller, 1990; Boyce, 1990; Begley,
1994). Methicillin resistant S. aureus 
(MRSA) infections are observed pri-
marily in hospital settings but there have
been alarming reports recently of com-
munity acquired MRSA infections 
(Naimi et al., 2001). There are numerous
examples demonstrating that van-
comycin, presently the antibiotic of last
resort against multidrug resistant S. 
aureus infections has been unable to 
clear S. aureus infections (Moore et al., 

2003; Grabs and Lord, 2002; Gopal et 
al., 1976). The ability of S. aureus to 
become vancomycin resistant was long
believed to be limited only to laboratory
setting (Noble et al., 1992). However, the
first clinical isolate of S. aureus with 
intermediate sensitivity to vancomycin
(8-16 µg/ml) was identified in Japan
(Hiramatsu, 1997,1998). Soon after this
report, more isolates with intermediate
resistance to vancomycin (VISA) were
reported in the USA and elsewhere 
(CDC, 1996). VISA strains were found
to adapt and develop intermediate resis-
tance by thickening of their cell walls
(Lowy, 2003). More recently the first
truly vancomycin resistant S. aureus 
(VRSA) was isolated and reported
(CDC, 2002). The newly isolated strain
was found to have acquired vancomycin
resistance by acquiring the van A gene
identical to that found in vancomycin
resistant enterococci (Lowy, 2003). 

RATIONALE, IDENTIFICATION AND DEVELOPMENT

OF VACCINE CANDIDATES
 

With the advent of antibiotics, devel-
opment of immunological approaches to
management of staphylococcal infec-
tions has languished. Despite the large
body of work in support of such ap-
proaches, the prospect of an immune-
based solution to staphylococcal infec-
tions has been clouded with uncertainty
(Foster, 1991). Wright and Douglas
(1989) noted that phagocytosis was al-
ready in 1903 considered a major line of
defence against S. aureus infections. 
Another significant clinical finding was
reported by Quie (1972), who discov-
ered that immune compromised children
with “chronic granulomatous disease”
had frequent S. aureus infections and 
that these occurrences were directly re-
lated to the dysfunction of the phago-
cytic cells. In spite of these leads, at-
tempts to identify and isolate S. aureus 

antigens that stimulate opsonic antibod-
ies against clinically significant "con-
ventional" isolates were unsuccessful. 
Eventually, most investigators aban-
doned the search for immunological
strategies to protect against S. aureus 
infection. As Dr. David Rogers, a 
prominent investigator in the field stated
at the New York Academy of Science
"The Staphylococci: Ecologic Perspec-
tive" meeting in 1965, protective immu-
nity and human antibody response to
staphylococci "... have gone about as fur 
as they kin go" (Rogers and Melly,
1965; Fattom and Naso, 1996a).

In spite of its ability to produce a
large variety of toxins and extracellular
products (Foster, 1991), S. aureus can-
not be generally equated with other or-
ganisms, such as Clostridium tetani,
Corynebacterium diphtheriae, or Bor-
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Type 5: 
→4)-β-D-ManpNAcA3Ac-(1→4)-α-L-FucpNAc-(1→3)-β-D-FucpNAc-(1→ 

Type 8: 
→3)-β-D-ManpNAcA4Ac-(1→3)-α-L-FucpNAc-(1→3)-β-D-FucpNAc-(1→ 

Figure 1: The structures of S. aureus types 5 and type 8 CP. 

detella pertusis, which produce human
illness primarily through elaboration of
extracellular products and toxins. The
hallmarks of S. aureus infection are dis-
semination of S. aureus through the
blood and multiplication of the organism
at the nidus of infection. S. aureus is 
part of the normal human flora and
exists in the nasopharyngeal cavity of
~25% of healthy adults (Essawi et al.,
1998a). Healthy people are not at risk
for S. aureus infections and in fact can 
readily clear infections by this organism.
Once hospitalised, however, S. aureus 
becomes the most common infectious 
agents in the hospital setting (Diekema 
et al., 2002). Systemic S. aureus 
infections such as endocarditis,
osteomyelitis, meningitis, etc. often re-
sult from haematogenous seeding from
bacteraemia due to the ability of S. 
aureus to evade immunological clear-
ance mechanisms, especially opsono-
phagocytosis. Thus, staphylococcal
pathobiology appears to be more like 
that of the pneumococci and meningo-
cocci rather than diphtheria, tetanus, or
pertusis. For this reason, eliminating the
organism from the host is of primary 
concern in preventing and treating
staphylococcal infections.

In 1983 the field was advanced sig-
nificantly when typing sera against S. 
aureus clinical isolates were developed 
(Karakawa and Vann, 1982). It was 
quickly shown that S. aureus clinical 
isolates possess capsular polysaccha-
rides (CP) that contribute to the ability
of the bacteria to evade opsono-phago-
cytosis. Subsequently, CP-specific anti-

bodies were shown to mediate type-spe-
cific opsono-phagocytosis and bacterial
killing by polymorphonuclear cells 
(PMNs) (Karakawa et al., 1988). Of the
13 known capsular types, two, types 5
and 8, were shown to comprise the
majority of the clinical isolates (Arbeit et 
al., 1984; Sompolinsky et al., 1985). Re-
cent studies using isolates from different
countries showed that 93% S. aureus 
isolates were of either type 5 or type 8
(33% and 60%, respectively) (Fattom et 
al., 1995; Essawi et al., 1998b). These
two capsular types also comprise >80%
of S. aureus isolated from sheep, goats,
cows with mastitis, and chickens with
osteomyelitis (Daum et al., 1994; 
Poutrel et al., 1988). Ultimately, S.  
aureus types 5 and 8 CP were isolated,
purified, and their chemical structures
elucidated (Fournier et la., 1987;
Moreau et al., 1990) (Figure 1).

Types 5 and 8 CP were found to be
of small molecular size compared to CP
of several other pathogenic bacteria.
Furthermore, immunogenicity studies of
the purified S. aureus CP showed them 
to be non-immunogenic in mice (Fattom 
et al., 1990). This property has been
predictive for poor immunogenicity in
infants and immunocompromised pa-
tients, two populations at high risk for S. 
aureus infections. Linking CP to carrier
proteins to produce conjugate vaccines
was shown to be effective in increasing
the immunogenicity of bacterial poly-
saccharides and to confer T-cell de-
pendent properties on their immune re-
sponse (Robbins and Schneerson, 1990; 
Chu et al., 1983). Two conjugate vac-
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Figure 2: Opsono-phagocytosis of type 5 S. aureus by CP 5-rEPA conjugate induced antibodies 
in mice; correlation with ELISA antibodies 
Opsono-phagocytosis assays were performed as described by Karakawa et. al (1988) except an
HL60 cell line was used instead of freshly isolated human PMNs. The dilution that produced 50%
kill was determined and the opsono-phagocytic titre was determined as 1/dilution50% after sub-
tracting the background kill determined by the addition of non-immune sera. 

cines, in which CP type 5 and type 8
were linked to carrier proteins, have been
prepared using Pseudomonas 
aeruginosa exotoxin A as a carrier pro-
tein, and were evaluated in animals. Data
showed that these conjugates elicited
high antibody titres in mice and in rab-
bits. Moreover, the conjugation con-
ferred T-cell dependent properties on the
CP as evidenced by a booster response
following a second injection or as 
shown upon carrier priming (Fattom et 
al., 1990). 

Antibodies generated in vaccinated
mice in response to monovalent conju-
gates (i.e. type 5 or type 8 CP conjugate
alone) or a bivalent vaccine containing
both type 5 and type 8 conjugates, ex-
hibited both high affinity and type
specificity. It was also found that anti-
bodies generated by the vaccine(s) were
functional in that there is a high degree
of correlation between the amount of 
antibody by ELISA compared to op-
sonic activity. Figure 2 shows in vitro 
opsono-phagocytosis data generated by
using murine sera from vaccinated mice. 

EFFICACY IN ANIMAL MODELS
 

Active immunisation with Staph-
VAX™ was evaluated in a lethal mouse 
challenge model and was shown to pro-
tect mice from S. aureus challenge. It
was also observed that there was a cor-

relation between antibody titres and 
protection in the surviving mice (Fattom 
et al., 1996a). To further evaluate the
mechanism of protection demonstrated
by active immunisation, immunoglobu-
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Table 1: Longevity of S. aureus CP5 and CP8 immune response in healthy adult volunteers
following administration of CP5 or CP8 conjugate vaccines 

——————————————————————————————————————— 
Vaccine (Lot #) N1 Antibody concentration %[Ab]2 

Geometric mean IgG levels and range (µg/ml) 
————————————————————— 
Pre-immune 6 weeks 6months 47 months 

——————————————————————————————————————— 
S. aureus T5-rEPA 

(Lot # 50179) 
8/23 10 

(7-13) 
367 

(246-479) 
292 

(255-289) 
122 

(68-128) 
42 

S. aureus T5-rEPA 
(Lot # 4907) 

11/25 8 
(6-13) 

241 
(177-350) 

175 
(51-115) 

100 
(73-141) 

57 

S. aureus T8-rEPA 
(Lot # 51008) 

9/22 11 
(9-25) 

81 
(60-116) 

71 
(51-115) 

523 

(41-68) 
73 

——————————————————————————————————————— 
1Number of volunteers available for evaluation at 47 months/number of original participants.

2Antibody levels remaining at 47 months compared to 6 months (%).

3Type 8 levels were measured at 33 months post last immunisation.
 

lin G (IgG) was purified from plasma faster clearance of the bacteraemia. Ex-
obtained from human volunteers who amination of the passively immunised
received a dose of the bivalent type 5 animals revealed that while kidneys and
and type 8 conjugate vaccine, designated livers from immunised animals were free 
as StaphVAX™. The IgG, called Altas- of infection, S. aureus  abscesses 
taph™, was used to passively immunise developed in kidneys and livers of ani-
animals, which were subsequently chal- mals receiving control IgG (Fattom et 
lenge with S. aureus lethal challenge al., 1996b). The efficacy of the 
(Fattom et al., 1996b). The geometric StaphVAX™ specific antibodies was
mean CP-5 specific antibody level in also shown in a rat endocarditis chal-
animals administered Altastaph™ was lenge model (Lee et al., 1997). These
111 µg/ml on the day of challenge with data confirmed that protection against S. 
a half-life of 6 days. All animals that aureus infection is an antibody-medi-
received Altastaph™ were protected ated mechanism and that the CP-specific
against the challenge. Moreover, com- antibodies could serve as a surrogate
pared to animals administered non-spe- marker for in vivo protection. Moreover,
cific IgG, animals passively immunised these data may suggest also that in vitro 
with Altastaph™ and challenged with a opsono-phagocytosis is a reasonable 
sublethal dose of S . aureus showed a predictor for in vivo protection. 

IMMUNOGENICITY OF STAPHVAX™ IN HUMANS 
The type 8 CP and type 5 CP conju- local reactions were reported. Minor

gate vaccines were initially evaluated in tenderness and erythema was observed
healthy adult human volunteers (Fattom in few volunteers, however, these reac-
et al., 1993). A total of 76 vaccinees re- tions were transient and generally dis-
ceived two injections of either type 5 or appeared within 48 hrs.
type 8 conjugates in saline at 25 µg An interesting observation from this
CP/dose. The vaccines were well toler- study was that nearly all individuals,
ated. No significant systemic or serious presumably due to repeated exposure to 
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Table 2: Evaluation of IgG subclasses at 6 weeks and 33-47 month post vaccination in
adult volunteers receiving type 5 CP conjugate vaccine 

——————————————————————————————————————— 
CP Lot # Subclass N Antibody titres (GM-µg/ml) reduction (%) 

————————————————— 
Pre-immune 6 weeks 33-47 months 

——————————————————————————————————————— 
T5 49704 IgG1 6 1.3 47.17a 17.64b 61 

IgG2 6 1.83 60.6c 26.51d 54 
IgG3 2 <0.1 1.47 0.69 53 
IgG4 0 <0.1 <0.1 <0.1 n.a. 

T5 50179	 IgG1 6 0.22 11.27e 4.57f 53
 
IgG2 6 2.27 173.83g 43.2h 67
 
IgG3 1 1.4 100 78 22
 
IgG4 2 0.89 8.39 6.32 22
 

———————————————————————————————————————
 
Unpaired t-test: a vs. b: p=0.008; e vs. f: p=0.041.
 
Mann-Whitney Rank Sum Test: c vs. d: p=0.004, g vs. h: p=0.047.
 

S. aureus not leading to clinical disease,
have low levels of pre-existing antibody
to S. aureus CP, and are therefore im-
munologically primed to the CP. In
these early studies, background low lev-
els of antibodies (approximately 10-
15 µg/ml) to each of the CP were meas-
ured. Following a single dose of conju-
gate vaccines, there was a 10-20-fold
increase in CP-specific antibody levels.
Both IgG and IgM classes were induced
after the first injection. A second injec-
tion of conjugate vaccine 6 weeks later
did not stimulate a further increase in 
antibody levels, indicating that the first
dose resulted in a near maximum 
booster response in these subjects. Sera 
were obtained from several subjects
available for blood drawing at 47 
months after type 5 vaccination and
33months after type 8 vaccination. The
antibody levels were 42% to 57% of the
levels measured 6 months after vaccina-
tion. Antibody levels to type 8 CP were 

approximately 73% of the values meas-
ured at 6 months after vaccination (Table
1). Evaluation of the different subclasses
at the two time points revealed a similar
decline in titre in all four IgG subclasses
(Table 2). These data show that CP-
conjugate vaccines elicit a long-term
immune response with a slow decline
over time and that there is no selective 
decline in titres among the different IgG
subclasses. 

The functionality of S. aureus anti-
bodies in sera from healthy volunteers
participating in subsequent StaphVAXTM 

clinical trials were tested in an in vitro 
opsono-phagocytic assay and compared
to sera obtained prior to vaccination. 
Post-vaccination sera demonstrated sig-
nificantly higher levels of type specific
opsono-phagocytic activity. In addition,
there was an excellent correlation be-
tween type specific antibody levels 
measured by ELISA and opsono-
phagocytic (Figure 3). 

TARGET POPULATIONS 

Hospitalised patients in general and medical procedures including surgery
especially those undergoing invasive are at risk for S. aureus infections. 
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Figure 3: Opsono-phagocytosis of S. aureus type 5 by human sera from healthy volunteers 
immunised with StaphVAXTM; correlation with ELISA antibodies 
Opsono-phagocytosis assays were performed as described by Karakawa et. al (1988) except an
HL60 cell line was used instead of freshly isolated human PMNs. Individual human sera were added
to the reaction mixture and the 50% kill was determined. Opsono-phagocytic titres was determined
as 1/dilution50% 

Other populations such as end stage re-
nal disease patients (ESRD) on haemo-
dialysis and other patients with chronic
diseases such as residents of nursing
homes are also at relatively high risk for
S. aureus infections (Fattom and Naso,
1996b). While surgery patients are at
high risk for S. aureus infections for a 
limited short period of time, patients
with chronic disease, such as ESRD pa-
tients, are at continuous, long-term risk
because of their underlying disease and
routine medical procedures used to treat
them (e.g. dialysis procedures). ESRD
patients were chosen for the clinical de-
velopment of StaphVAXTM (Fattom and 
Naso, 1996b) due to their relatively high
incidence of S. aureus disease and their 
good response to StaphVAXTM. 

Other Early Clinical Trials
Initial clinical studies of type 5 and

type 8 CP conjugates in healthy volun-
teers showed the vaccine components to
be safe and immunogenic (Fattom et al., 

1993). Subsequent trials evaluated a S. 
aureus monovalent type 5-rEPA conju-
gate in haemodialysis patients with 
ESRD (Welch et al., 1996). No serious
local or systemic reactions or liver en-
zyme abnormalities were observed fol-
lowing the first or the second immuni-
sation. Although a 18-fold increase in
IgG antibodies to type 5 CP was ob-
served, the geometric mean IgG level
was 56% of that achieved in normal 
healthy volunteers immunised with same
lot of vaccine. Furthermore, although all
subjects responded with higher type 5
CP antibodies, only 13/16 responded
with > 5- fold increase in titre, compared
to 23/23 responders in normal healthy
volunteers. Moreover, a faster decline in
antibody level was observed in ESRD
patients compared to normal healthy
adults receiving the same vaccine six
months after vaccination, 39% and 14%,
respectively (Welch et al., 1996). These
data indicated that while the S. aureus 
type 5 CP conjugate vaccine is immu-
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Table 3: StaphVAXTM dose evaluation in haemodialysis patients1 

——————————————————————————————————————— 
Dose (µg) CP T5/T8 N Type 5 IgG (µg/ml) Type 8 (IgG µg/ml) 
——————————————————————————————————————— 

25/25 15 

Day 0 
————

6 

Day 42 
————

62 

%2 

——— 
80 

Day 0 
————

10 

Day 42 
————

31 

%2 

——— 
47 

75/55 16 4 82 75 3 50 75 

118/83 17 4 172 88 6 143 88 
——————————————————————————————————————— 
1Results are expressed as µg/ml IgG specific antibodies.
2Percent responders (>4fold increase and >25µg/ml IgG). 

nogenic and can be used for active im-
munisation in some populations, other
patient populations might require either
higher doses of the vaccine or the use of
the vaccine with an adjuvant.

The type 5 CP and type 8 CP conju-
gates were combined into one injection
(StaphVAXTM) and evaluated for immu-
nogenicity in healthy volunteers and in
ESRD patients. Results showed that the
combining of the two conjugates did not
affect the immunogenicity of each indi-
vidual CP (Unpublished data). Further-
more, it was observed that CP-specific
antibodies appear to peak in concentra-
tion within 10-14 days after immunisa-
tion confirming that the immune sys-
tems of most people are already primed 

to S. aureus CP. These results suggest
that patients at short-term risk of S. 
aureus infection (e.g., elective surgery
patients) might also benefit from vacci-
nation. 

StaphVAXTM was also evaluated in 
ESRD patients at higher doses than pre-
viously used in healthy volunteers. The
antibody levels achieved were shown to
be dose dependent however antibody
levels were generally lower in ESRD
patients than in healthy volunteers and
they declined more rapidly (Table 3).
Moreover, the percent of ESRD patients
responding increased to nearly 90% at
higher vaccine doses, a significant im-
provement over that achieved with lower
doses in this population. 

PHASE III EFFICACY TRIAL
 

StaphVAXTM was formulated to con-
tain 100 µg each CP conjugated to rEPA
for evaluation of its efficacy against S. 
aureus bacteraemia in a Phase III,
double blinded, randomised, stratified,
and placebo controlled clinical trial.
Eighteen hundred ESRD patients on 
haemodialysis were enrolled to receive
either one injection of StaphVAXTM or 
phosphate buffered saline (PBS). Pa-
tients were stratified by their naso-
pharingeal carriage of S. aureus and di-
alysis access. The primary endpoint of 

the trial was prospectively defined as
significant reduction in S. aureus bac-
teraemia for one year. The safety and the
immunogenicity of StaphVAXTM were 
secondary endpoints in this study. The
vaccine was shown to be safe and 
elicited high levels of antibodies to both
type 5 and type 8 CP components with
88% responding to type 5 and 84% re-
sponding to type 8. At peak CP-specific
geometric mean antibody titres were ap-
proximately 230 µg/ml and 206 µg/ml
for type 5 and type 8, respectively. At 54 
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Figure 4: Comparison of the affinity of StaphVAXTM induced antibodies from healthy volunteers
 
and haemodialysis patients.

Human sera were diluted to yield an OD of 2.0 in ELISA plates coated with the appropriate poly-
saccharide. The amount of thiocyanate added to result in 50% reduction in OD was determined.

Results are expressed as geometric mean sodium thiocyanate concentrations.
 

weeks post vaccination, the antibody
levels declined to approximately 74
µg/ml for type 5 and 65.5 µg/ml for
type 8. The efficacy of StaphVAXTM at 
one year, the primary end point for this
study, was 26% (reduction in bacterae-
mia) compared to placebo and was not
statistically significant (p=0.228). In a
post-hoc analysis evaluating the per-
formance of the vaccine through various
earl ier  t ime points,  however,
StaphVAXTM was shown to reduce S. 
aureus bacteraemia by 64% through 32
weeks follow-up (p=0.02) and by 57%
through 40 weeks (p=0.02). When the
antibody levels were matched with the
efficacy, it appeared that protection fell
off when geometric mean antibody lev-
els in the population fell below ap-
proximately 80 µg/ml (Shinefield et al., 
2002).

Opsono-phagocytosis is the principal
mechanism for clearance of infections 

caused by Gram-positive bacteria in-
cluding S. aureus. Circulating antibod-
ies to CP recognise invading S. aureus 
cells and opsonise them. Complement is
deposited on opsonised cells and binds
to polymorphonuclear cells (PMNs)
through complement receptors that in-
duces the phagocytosis of the opsonised
cells by PMNs. Examining the calcu-
lated protective antibody levels for S.
aureus from our study reveals that they
are far higher than those observed with
other bacterial infections such as pneu-
mococcal and meningococcal infections.
The requirement for high antibody levels
to protect against S. aureus bacteraemia 
may be related to health condition of
ESRD patients. These patients often
suffer from uncontrolled diabetes, hy-
per-uraemia, impaired complement, and
low complement receptor density on 
their neutrophils, in addition to other
defects or impairments in the perform-
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ance of their lymphocytes. These condi-
tions may cause an inefficiency and im-
pairment of the opsono-phagocytosis
mechanism (Pirofski and Casadevall,
1998; Haag-Weber et al., 1989; Nolan 
et al., 1978). Further, an optimum per-
formance of these immune functions for 
protection against invading bacteria
would require a high quality and func-
tionality of the elicited antibodies. The
affinity of antibodies generated by 
StaphVAXTM in haemodialysis patients
was evaluated and compared to that ex-
hibited by antibodies generated in im-
munocompetent healthy volunteers 

(Figure 4). The amount of thiocyanate
needed to prevent CP-specific antibodies
from binding to immobilised antigen is
proportional to the affinity of the an-
tibodies. Data presented above show that
the affinity of anti-CP antibodies 
produced by StaphVAXTM in haemo-
dialysis was equivalent to that of anti-
bodies induced in healthy volunteers.
Moreover, when tested in an in vitro op-
sono-phagocytosis assays, the antibod-
ies to type 5 and type 8 CP generated in
the ESRD patients performed equally
well to the antibodies formed in healthy
volunteers. (Fattom et al., 2004). 

EXTENDING THE EFFICACY
 

Haemodialysis patients are at con-
tinuous and long-term risk patients for
S. aureus infection and could benefit 
from the presence of protective levels of
antibodies at all times. A periodic
booster immunisation may be needed to
rebuild trough concentrations of anti-
bodies and restore or prolong the effi-
cacy of the vaccine beyond the 10 
months of significant protection seen in
the phase 3 trial. Previous experiences
with conjugate vaccines in adults 
showed that a booster immunisation at 
six weeks after the first immunisation 
did not result in boosting the antibody
levels (Fattom et al., 1993; Chu et al., 
1983; Schneerson et al., 1986). To see
the effects of booster immunisation on 
specific antibody levels and vaccine 

safety when the booster is given longer
periods of time after the initial vaccina-
tion, seventy-nine ESRD patients, previ-
ously immunised with StaphVAXTM in 
the phase 3 trial, were recruited for a
booster study. These subjects had re-
ceived their initial vaccination with 
StaphVAXTM 2-3 years previous to the
booster. Results from the booster study
showed that the CP-specific antibodies
levels increased to about 60% of the 
peak levels achieved with the first im-
munisation resulting in >80% of the 
participants achieving or exceeding the
calculated protective levels i.e. 
~80µg/ml. In addition, the decline of
specific antibody levels after the booster
was slower than that observed after the 
initial immunisation. 

PLANNED CONFIRMATORY EFFICACY STUDY 

In a currently planned confirmatory tered at 8 months and its impact on the
Phase III clinical trial of StaphVAXTM in levels of CP-antibodies and on exten-
ESRD patients on haemodialysis, a sion of efficacy will be evaluated.
booster immunisation will be adminis-
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CONCLUSION
 

StaphVAXTM, an experimental S. 
aureus polysaccharide conjugate vac-
cine, was shown to be safe, immuno-
genic, and efficacious, as determined by
reduction in S. aureus bacteraemia 
through up to 10 months post-immuni-
sation, in ESRD patients. Preliminary
booster studies strongly suggest that
ESRD patients can respond to booster
immunisations with StaphVAXTM with 
increased levels of vaccine-specific anti-
bodies. Studies are planned to further
evaluate the value of booster doses to 
prolong efficacy in patients who may be
at long-term risk for infection. Since 

StaphVAXTM induces high levels of CP-
specific antibodies within 10-14 days
post-immunisation, the vaccine may also
have potential in preventing S. aureus 
infections in individuals at short-term 
risk for infection. For patients such as
surgery patients, one immunisation with
may be sufficient to achieve protective
levels of antibody throughout the risk
(e.g., hospitalisation) period. Additional
safety and immunogenicity clinical trials
of StaphVAXTM in several patient popu-
lations at short-term risk of S. aureus 
infections are being planned. 
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SUMMARY 

H. pylori vaccine development has progressed rapidly in animal
models. Both H. pylori-associated pathogenesis and protective immu-
nity are CD4+ T cell dependent, with no discernable phenotypic differ-
ence to distinguish pathogenic T cells from protective T cells. Function-
ally however, protective T cells promote enhanced inflammation upon H. 
pylori challenge. Additionally, only mouse models such as phagocyte
oxidase- or IL-10-deficient mice that respond to H. pylori infection with 
intense gastritis are capable of demonstrating spontaneous eradication
of the bacteria. These data, combined with recent descriptions of down-
regulatory T cells in infected humans and mice, support an emerging
model of H. pylori pathogenesis in which H. pylori induces inflamma-
tion that is limited by regulatory T cells in the stomach. Immunisation
therefore may succeed by activating T cells in peripheral lymph nodes
that are capable of promoting qualitatively or quantitatively different in-
flammation when recruited to the stomach. Evidence in support of this
model will be discussed. 

INTRODUCTION 

Helicobacter pylori (H. pylori) is ease has now been established through
one of the world’s most successful the successful culture of H. pylori from 
pathogens, infecting greater than 50% of gastric biopsies (Marshall and Warren,
the earth’s population (Marshall, 1995). 1984), the fulfilment of Koch’s postu-
Prevalence of infection ranges from lates in human volunteers (Marshall et 
20% in some developed nations to al., 1985; Morris and Nicholson, 1987),
greater than 90% in some developing and numerous studies documenting the
nations. H. pylori is a Gram-negative complete and permanent remission of
bacterium whose primary niche is the ulcers following antimicrobial therapy
human gastric mucosa, where it resides (NIH Consensus Conference, 1994). H. 
in the mucus and on the surface of gas- pylori is also recognised as a risk factor
tric epithelial cells. A direct role for H. for the development of gastric adenocar-
pylori in gastritis and peptic ulcer dis- cinoma and has been categorised by the 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 888-897 (2004). All references should be made to
the original article. 
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World Health Organisation as a Class I
human carcinogen (World Health Or-
ganization, 1994).

A number of antimicrobial therapies
have been developed for treatment of H. 
pylori infection, with eradication rates
ranging from 60% to over 90%. These
therapies typically include at least two
antibiotics and a proton pump inhibitor,
and must be taken several times per day
for up to 14 days. The complexity of
therapy however, often results in poor
patient compliance, and the cost of these 

drugs is prohibitive in nations where H. 
pylori is endemic. Additionally, signifi-
cant resistance to antibiotics such as 
clarithromycin and metronidazole are
already being reported. Finally, from an
immunologic perspective, even success-
ful eradication therapy does not protect
the host from potential re-infection, nor
protect asymptomatic hosts at risk for
developing gastric cancer. Therefore,
interest in a H. pylori vaccine is quite 
high. 

HOST RESPONSE
 

H. pylori infection induces histologic 
gastritis in all infected individuals 
(Dooley et al., 1989), with subgroups
progressing to symptomatic gastritis and
peptic ulcer disease. The inflammation
has both an acute and chronic character,
with a monocytic and polymor-
phonuclear component remaining
prevalent after lymphocytes are recruited
to the mucosa. H. pylori infection is 
typically associated with focal neutrophil
infiltration of the gastric epithelium,
most often in the gland necks (Warren,
2000). The lamina propria becomes in-
filtrated with lymphocytes, normally ab-
sent from the stomach, which may then
form a moderately diffuse pattern ex-
tending the full thickness of the mucosa.
Lymphocytes will also occasionally
form focal patterns, and the development
of lymphoid follicles with germinal
centres has been noted. Long-term
manifestations of infection involve 
changes in the architecture of the 
epithelial cell monolayer, including dis-
organisation of the epithelial cells, atro-
phy, and metaplasia.

In addition to the persistent inflam-
mation that accompanies H. pylori in-
fection, a strong adaptive immune re-

sponse also develops. The presence of
H. pylori-specific serum IgG antibodies
remains one of the quickest and simplest
methods for detecting H. pylori
infection. Studies performed on gastric
biopsies and washings have also dem-
onstrated the presence of H. pylori-spe-
cific IgA at the gastric mucosa (Rath-
bone et al., 1986; Wyatt et al., 1986; 
Blanchard et al., 1999a,b). Numerous
studies have also documented strong H. 
pylori-specific T cell responses using
lymphocytes isolated from infected in-
dividuals (Karttunen et al., 1990,1995; 
Karttunen, 1991; Sharma et al., 1994; 
Fan et al., 1994; Di Tommaso et al., 
1995; D'Elios et al., 1997; Lindholm et 
al., 1998; Sommer et al., 1998; Bamford 
et al., 1998) (Table 1). Both peripheral
blood mononuclear cells (PBMC) and
lamina propria mononuclear cells 
(LPMC) from gastric explants respond
to H. pylori stimulation in vitro by se-
cretion of cytokines or by proliferation.
These studies routinely result in a pre-
dominance of interferon-γ-producing T 
cells, consistent with H. pylori inducing
a Th1 mediated, pro-inflammatory re-
sponse. 
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Table 1: T cell cytokine and proliferation response following in vitro stimulation with 
H. pylori antigen is characterised by IFN-γ production 

——————————————————————————————————————————————————————————— 
Cells	 Assay H. pylori positive patient H. pylori negative patient Reference 
——————————————————————————————————————————————————————————— 
PBMC	 ELISA ↑IFN-γa < ↑IFN-γ Karttunen et al, 1990

3H-thymidine Proliferation < Proliferation 
PBMC	 ELISA ↑TNFα < ↑TNFα Karttunen, 1991 

↑IL-2 = ↑IL-2 
3H-thymidine Proliferation < Proliferation 

PBMC	 3H-thymidine Proliferation Proliferation Sharma et al., 1994 
PBMC, LPMC	 ELISA ↑IFN-γ < ↑IFN-γ Fan et al., 1994 

3H-thymidine Proliferation < Proliferation 
LPMC	 ELISPOT ↑IFN-γ < ↑IFN-γ Karttunen et al., 1995 
PBMC and LPMC	 3H-thymidine ↑Proliferation n.d.b Di Tommaso et al., 1995 
(T cell clones) 
LPMC	 RT-PCR ↑IFN-γ -IFN-γc D'Elios et al., 1997 
(T cell clones)	 + ELISA ↑TNFα -TNFα 

↑IL-4	 -IL-4 
LPMC	 Immunohisto- ↑IFN-γ -IFN-γ Lindholm et al., 1998 
(T cell clones) chemistry ↑TNFα	 -TNFα 

↑IL-4 = ↑IL-4 
LPMC	 Flow cytometry ↑IFN-γ n.d. Sommer et al., 1998 

↑IL-4 
LPMC	 Flow cytometry ↑IFN-γ n.d. Bamford et al., 1998 

↑IL-2 
——————————————————————————————————————————————————————————— 
a ↑ indicates in increase following in vitro stimulation. 
b n.d. indicates not determined. 
c - indicates little or no cytokine was detected. 
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VACCINE PROTOTYPES IN ANIMAL MODELS
 

In the early stages of H. pylori vac-
cine research, immunologists and mi-
crobiologists had at least two reasons to
doubt the potential success of such a 
vaccine. First, because H. pylori is a 
non-invasive mucosal pathogen, suc-
cessful vaccination would most likely
require oral delivery. Previous vaccine
research had established that to stimulate 
efficacious immunity in gastrointestinal
tissue, direct immunisation of mucosal
tissue was required, optimally through
oral immunisation. This complicated
vaccine design, as ingested proteins are 
poor immunogens, and the acid 
environment of the stomach must be 
traversed to gain access to the lymph
tissue-rich intestines. This problem had
hindered the development of oral vac-
cines in humans for years, and had yet
to be successfully overcome. Second,
the H. pylori-induced adaptive immune
response is ineffective following natural
infection. Since H. pylori is able to per-
sist in the face of an active immune re-
sponse, it seemed unlikely that stimula-
tion of a similar immune response
through immunisation would be effec-
tive. 

Oral vaccine research in animals 
The development of a Helicobacter 

mouse model with the cat pathogen, H. 
felis (Lee et al., 1990), allowed research-
ers to test the efficacy of vaccination in
mice (Czinn et al., 1993; Chen et al.,
1992). The vaccination protocol was 
based upon an experimental Sendai vi-
rus model in which the mucosal adju-
vant, cholera toxin, was combined with
viral antigen to stimulate immunity in the
upper respiratory tract of mice (Nedrud 
et al., 1987). A similar protocol
effectively stimulated an anti-Helico-
bacter humoral response when cholera
toxin was combined with Helicobacter 
proteins and delivered orally to mice 

(Czinn and Nedrud, 1991). When ap-
plied to the H. felis challenge model,
nearly 80% of the mice were found to be
protected from chronic infection (Czinn 
et al., 1993; Chen et al., 1992). Although
these experiments were performed with
crude bacterial lysate, several other
laboratories soon expanded these 
studies to include successful im-
munisations with purified Helicobacter
proteins such as the Helicobacter urease 
enzyme (Michetti et al., 1994; Ferrero et 
al., 1994) and heat shock protein (Fer-
rero et al., 1995).

Several laboratories also demon-
strated that infected mice could be 
therapeutically immunised to accomplish
eradication of the bacteria (Corthesy-
Theulaz et al., 1995; Doidge et al.,
1994). This concept was strengthened
when a similar study was performed on
ferrets infected with endogenous H.  
mustelae (Cuenca et al., 1996). The
therapeutic immunisation experiments
were of profound importance because
they demonstrated that vaccination 
succeeds not because it induces an im-
mune response prior to infection, but
because immunisation must induce a 
quantitatively or qualitatively different
immune response than normally induced
by chronic infection.

Despite the excitement generated by
these and most other H. pylori vaccine 
experiments, enthusiasm has always
been tempered by two observations.
First, when immunised mice are chal-
lenged with Helicobacter bacteria they
respond with gastric inflammation that is
histologically indistinguishable from the
inflammation that accompanies natural
infection. This response is termed 
“post-immunisation gastritis” and it
can persist for months after the chal-
lenge organisms have been eradicated,
although it eventually does dissipate
(Garhart et al., 2002). Second, protec-
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tion is often incomplete. In many ex-
periments protective immunity has been
defined as a significant reduction in
bacterial load. In fact, in one experiment,
where antibiotic therapy was applied to
protected mice, there was a rapid remis-
sion of post-immunisation gastritis,
suggesting the presence of Helicobacter 
organisms that went undetected by en-
zyme indicators and culture techniques
(Ermak et al., 1997). Both of these ob-
servations illustrate the need to develop a
better understanding of H. pylori
pathogenesis and immunity.

By the mid-1990s, clinical isolates of
H. pylori had been successfully adapted
to several animal models including mice
and some nonhuman primates. All early
observations previously made in the H. 
felis model were confirmed and ex-
panded with H. pylori (Marchetti et al., 
1995; Ghiara et al., 1997). As a general
rule, all of these immunisations have re-
lied upon some variation of the original
protocol, a purified or crude protein an-
tigen combined with either cholera toxin 
or E. coli heat labile toxin (LT), given in
multiple doses to the recipient animal
prior to or subsequent to challenge. 

Alternatives routes of mucosal im-
munisation 

Cholera and E. coli LT enterotoxins 
are potent adjuvants for protein antigens
delivered orally in animal models. Both
increase the immunogenicity of protein
antigens without having to form covalent
linkages or emulsions, and less than 10 
µg is required to retain adjuvanticity.
Small doses of enterotoxin however are 
sufficient for toxicity when given to
humans, as demonstrated in a recent 
clinical trial testing a therapeutic H. py-
lori vaccine (see clinical trials) (Michetti 
et al., 1999). Side effects such as diar-
rhoea and cramping may occur. There-
fore, efforts at developing a safe and ef-
ficacious vaccine for H. pylori in hu-
mans have moved towards avoiding the 

inherent risk involved in taking oral en-
terotoxin. One strategy has been to de-
velop E. coli LT with point mutations
that reduce or eliminate toxicity without
reducing adjuvanticity (Marchetti et al.,
1998). This strategy has met with some
success and is currently under further
development.

A second strategy has been the 
search for alternative routes of immuni-
sation. Both rectal and intranasal immu-
nisations have been tested to induce mu-
cosal immunity that disseminates to the
stomach upon challenge with H. pylori 
in mice (Kleanthous et al., 1998). There
is evidence in the mouse model that in-
tranasal immunisation is more effica-
cious than the oral immunisation 
(Garhart et al., 2003a). The rectal and
intranasal immunisation protocols are
similar to oral immunisation in that 
multiple doses are required and a bacte-
rial toxin adjuvant is necessary. How-
ever, the success of these alternative
routes of mucosal immunisation is actu-
ally a major advance in vaccine devel-
opment, since they require less antigen
in mice (100 µg for intranasal versus 2
to 4 mg for oral) and the risks associ-
ated with the toxin adjuvant are signifi-
cantly reduced. 

Systemic immunisation against H.
pylori infection

Intranasal immunisation, although
successful in mice, remain experimental
and controversial in humans. A mucosal 
adjuvant is still required and intranasal
application does not preclude ingestion
of some part of the vaccine, conse-
quently still exposing the patient to risk
for toxicity. Additionally, recent reports
indicate that CT and LT enterotoxins can 
target the central nervous system via the
olfactory epithelium and nerves, and can
induce histologic inflammation within
the olfactory bulb (Fujihashi et al.,
2002). Therefore, we and others have
pursued the possibility of employing 
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Figure 1. Systemic immunisation of mice against H. pylori reduces the bacterial load. Mice 
were immunised i.p. with a single dose of 100 µg of either H. pylori lysate or ovalbumin 
emulsified in complete Freund’s adjuvant. Mice were challenged with 107 H. pylori 28 days post-
immunisation and the number of colony forming units in gastric biopsies was determined 28 days
post-challenge. Statistical analysis was performed by ANOVA. 

traditional systemic vaccination to in-
duce protective immunity against H. 
pylori. We have found that both intrape-
ritoneal and subcutaneous prophylactic
immunisations can result in significant
reduction in bacterial load by four weeks
after challenge of mice with infectious
H. pylori (G o t t w e i n  et al., 2001; 
Eisenberg et al., 2003). Similar levels of
protection can be induced by either Th1
(Freund’s complete adjuvant) or Th2 
(aluminium hydroxide or Freund’s in-
complete adjuvant) polarising vaccine
regimens. An example of this immunity
is shown in Figure 1 where mice were
immunised with either H. pylori lysate 
or ovalbumin protein emulsified in 
complete Freund’s adjuvant and given a
single injection of 100 µg protein by
intra-peritoneal injection. Mice were 
challenged with 1x107 CFU H. pylori
28 days after immunisation and then
assessed 28 days after challenge. Al-

though immunisation did not provide
sterilising immunity, there was a signifi-
cant reduction in bacterial load (p=
0.032). We have achieved similar re-
ductions when immunising neonatal
mice within 24 hours of birth (Eisen-
berg et al., 2003), thus demonstrating
the potential application for young chil-
dren prior to contracting H. pylori. Sev-
eral additional laboratories have demon-
strated success with other adjuvants
(Guy et al., 1998; Weltzin et al., 2000).

The results of these systemic immu-
nisation experiments provide valuable
insight into H. py lor i  immunity.
Whereas systemic immunisation typi-
cally fails when applied against other
mucosal pathogens, they can be effica-
cious against H. pylori. Thus it appears
that immunisation by almost any route,
including oral (which targets the Peyer’s
Patches of the small intestine),
intranasal, rectal, and systemic can gen-
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erate some degree of protective immu- stimulation of an immune response in a
nity when applied to mice. The relevant tissue or lymph node designed to opti-
feature of a successful H. pylori vaccine mise immune responsiveness. This con-
therefore might not be stimulation of the cept will be discussed further below.
mucosal immune response, but rather 

CLINICAL TRIALS 

The early success of oral vaccination
against H. felis and H. pylori in mice led 
to the rapid development of a prototype
oral vaccine for use in humans. Doses 
of either 180, 60, or 20 mg of recombi-
nant H. pylori urease was administered 
with 5 µg E. coli LT and given to in-
fected volunteers as an oral therapeutic
vaccine (Michetti et al., 1999). Vaccina-
tion was delivered in four doses similar 
to the protocol used for mice. The vac-
cine significantly enhanced the number
of circulating H. pylori-specific IgA-se-
creting cells over those in placebo im-
munised control volunteers demon-
strating immunogenicity. Most encour-
aging was the significant reduction in
bacterial load of urease LT-immunised 
subjects compared to control volunteers
(p=0.032). Enthusiasm was somewhat 

dampened by the prevalence of diar-
rhoeal episodes induced by the E. coli 
LT adjuvant. Sixty six percent of the
volunteers who completed the study ex-
perienced some level of diarrhoea, but
the study confirmed the possibility of
positive influence on gastric immunity in
humans through oral vaccination. 
Several additional clinical trials have 
now been performed by other laborato-
ries in which vaccine formulations were 
shown to be immunogenic as well. 
However, none have achieved the effi-
cacy of the original study. Buoyed by
the promise of this initial study, a new
generation of trial vaccines is now being
developed and tested. A more thorough
understanding of H. pylori immunity
will aid in the development of a better
human vaccine. 

IMMUNE EFFECTOR MECHANISMS IN H. PYLORI IMMUNITY
 

One means of optimising a vaccine
for H. pylori would be to specifically
design a vaccine to enhance that aspect
of the immune system that mediates the
protective immune response. Many
studies have now been performed to
elucidate how the immune system actu-
ally eradicates H. pylori once stimulated 
by immunisation. The focus has been to
identify effector mechanisms or cells 
that are essential for protection, and to
differentiate those factors from their 
counterparts that are also present during
the chronic inflammation that accompa-
nies natural infection. 

The role of antibodies in the protec-
tive immune response

Since H. pylori predominantly re-
sides at the apical surface of the gastric
epithelium, the types of known immune
effector mechanisms that might actually
come into contact with H. pylori seem 
limited. The existence of tight junctions
between epithelial cells severely limits
the ability of leukocytes to cross the 
epithelium. Polymeric IgA however, is
transported across the epithelium via the
polymeric immunoglobulin receptor and
released into the lumen. Although no
correlation had been established between 
IgA levels and protective anti-H. pylori 
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immunity, IgA seemed the most likely
immune effector molecule for interacting
with H. pylori to mediate protection. 
However, in our studies with IgA-
deficient mice, protective immunity was
achieved at a level similar to that in wild 
type mice (Blanchard et al., 1999c).
Because secretory IgM levels were 
found to compensate for the lack of IgA, 
we subsequently repeated these 
experiments with total antibody knock-
out mice. Our results were consistent 
with those of others using the same 
model in that lack of antibody produc-
tion in mice did not compromise the
ability of an oral vaccine to induce pro-
tective immunity (Ermak et al., 1998; 
Sutton et al., 2000). Therefore, although
secreted antibody may contribute to H. 
pylori immunity, it is not required. 

The role of T cells in the protective
immune response

The cellular requirements for protec-
tive immunity have been difficult to
identify. Two studies using MHC I
knockout mice and MHC II knockout 
mice have suggested the requirement for
CD4+ cells but not for CD8+ cells in 
generating protective immunity (Pappo
et al., 1999; Ermak et al., 1998). We
found that injection of Helicobacter-
primed CD4+ T cells was sufficient to 
transfer protective immunity to other-
wise immunodeficient rag1-/- mice 
(Gottwein et al., 2001). These studies
demonstrate that T cell help is required
to generate an adaptive immune re-
sponse but do not advance our insight
into the mechanism of protection. To
further refine our understanding, many
groups have used mice deficient in spe-
cific cytokines or cytokine receptors to
elucidate which T cells may be most im-
portant in providing protective immu-
nity. The most widely studied of the T
cell cytokines have been IL-4 and IFN-γ,
but it is now apparent that neither of
these cytokines is essential to induce the 

protective immune response (Lucas et 
al., 2001; Akhiani et al., 2002; Sawai et 
al., 1999; Garhart, 2003a,b). 

The role of innate host factors in the 
protective immune response

The importance of innate factors in
H. pylori immunity has only recently
been addressed. However, as discussed
below, it may be that immunity is ac-
complished through the enhancement of
inflammation by appropriately activated
T cells. It is important therefore, to de-
termine how innate factors may be con-
tributing to H. pylori immunity. Two
recent studies have demonstrated that 
although inducible nitric oxide synthase
(iNOS) is upregulated in inflamed gas-
tric tissue following challenge, iNOS
deficient mice can be effectively immu-
nised against H. pylori (Garhart et al., 
2003a; Blanchard et al., 2003). This was
true even when mice were deficient in 
both iNOS and phagocyte oxidase, the
two primary host innate anti-bacterial
defence mechanisms (Blanchard et al.,
2003). In a separate study, mast cells
have been shown to be unnecessary to
achieve protection in mice from H. py-
lori through vaccination (John Nedrud
and Steve Czinn, personal communica-
tion).

One non-T cell, pro-inflammatory
factor that does seem to be necessary for
protection is IL-12. Two separate
laboratories have now demonstrated that 
mucosal immunisation of IL-12-defi-
cient mice fails to induce significant
protection as compared to non-immu-
nised control mice (Garhart et al.,
2003a; Akhiani et al., 2002). Both 
groups employed the IL-12 p40 subunit
knockout to eliminate the formation of 
biologically active heterodimeric p70.
Elimination of p40 also prevents forma-
tion of IL-23. Whether IL-12, IL-23, or
both are required for the induction of
protection remains to be determined.
Regardless, whereas both IFN-γ and 
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Figure 2. Memory T cells from immune mice produce IFN-γ in response to antigen
presentation by mucosal epithelial cells. MODE-K epithelial cells (1x104) were combined with 1 x 
106 CD4+ spleen cells from naïve, infected, or immune mice and pulsed with either PBS (white 
bars) or H. pylori lysate (black bars). To demonstrated class II-restricted antigen presentation anti-
MHC-II blocking antibody was also tested (gray bars). Supernatants were assessed after 48 hours
for IFN-γ by ELISA. 

IL-12 p40 knockout mice are capable of These findings indicate that the character
generating inflammation in response to of the inflammatory response in IFN-γ 
H. pylori challenge, only IL-12 p40 is knockout mice is qualitatively different
required to induce a protective state. than that in IL-12 p40 knockout mice. 

H. PYLORI-ASSOCIATED INFLAMMATION AND
 
IMMUNOREGULATION
 

Most efforts at defining H. pylori
immunity have focused on identifying a
specific effector mechanism. Another
interesting possibility is the ability of H. 
pylori to down-regulate the inflamma-
tory or immune response. This concept
may seem counter-intuitive since studies
in both mice and humans routinely re-
port that infection with H. pylori results 
in H. pylori-specific IFN-γ producing T
cells, and infection induces both in-
flammation and adaptive immune 
mechanisms. However, close inspection
of the data suggests that H. pylori may
in fact suppress the immune response,
or at least the aspect of the immune re-
sponse required for eradication of the
bacteria. This was evident in several 
early studies in which it was demon-

strated that T cells from infected patients
responded no better than T cells from
seronegative patients with regard to H. 
pylori-induced cytokine production and
proliferation (Table 1). In several stud-
ies, cells from control donors actually
responded as well as, or significantly
stronger than cells from infected donors
with more IFN-γ production or prolif-
eration in recall assays against H. pylori 
antigen (Karttunen et al., 1990; Kart-
tunen, 1991; Karttunen et al., 1995; Fan 
et al., 1994; Sharma et al., 1994). This
observation perhaps did not garner the
attention it deserved and latter studies 
have focused exclusively on T cells or T
cell clones from infected individuals. 

In mice, the data has tended to estab-
lish Helicobacter infection results in 

171 



 

  

 

 

 

 
 

 
 

 
  

  

 

 

 

 

 

 
 

 

 

  

 

 

  

 

strong T cell reactivity in vitro compared
to T cells from naïve mice. Several of 
those studies were performed with the
H. felis mouse model (Mohammadi et 
al., 1996; Fox et al., 2000) but one labo-
ratory reported H. pylori-infected mice 
had a significant increase in IFN-γ pro-
duction in recall assays compared to
naïve control mice (Smythies et al., 
2000). Our own studies in the H. pylori
mouse model demonstrate only weak
induction of IFN-γ production by T 
cells from infected animals. Whereas we 
have been able to detect cytokines such 
as IFN-γ and IL-2 in response to H. 
pylori infection, these responses are
significantly weaker than those induced
by our immunisation strategies (Eisen-
berg et al., 2003). Others have also
noted increased IFN-γ production in
immunised mice compared to infected
control mice (Garhart et al., 2003a; 
Goto et al., 1999). We have noted these 
differences regardless of the type of an-
tigen presenting cell used to activate T
cells. Figure 2 illustrates that antigen
presentation by a mouse gastrointestinal
epithelial cell line, to mimic what may be
occurring in the gastric mucosa, induced
low levels of IFN-γ by CD4+ T cells 
from H. pylori-infected mice while im-
munised mice responded with signifi-
cantly greater levels of cytokine. This
IFN-γ production was partially dimin-
ished by anti-MHC class II antibody.
As discussed above, IFN-γ is not re-
quired for induction of protective im-
munity. Nevertheless, it remains a good
marker for a pro-inflammatory response
when present. 

CD25+ Immunoregulatory T cells
In support of an immunoregulatory

capacity for H. pylori, there is new evi-
dence in both mice and humans that H. 
pylori-specific T regulatory cells are 
present in the infected host and actually
work to limit the T cell or inflammatory
response to H. pylori. Thus, when pe-

ripheral blood mononuclear cells 
(PBMC) from infected patients were
examined in vitro and compared to non-
infected donor PBMC, proliferation and
IFN-γ production were equivocal be-
tween the two groups (Lundgren et al.,
2003). However, when PBMC were de-
pleted of CD25+ cells (a cell phenotype
implicated as a suppressive regulatory T
cell), the remaining cells responded in a
significantly stronger manner than non-
infected controls in recall assays for
proliferation and IFN-γ production.
These studies were taken a step further
in mice where lymph node cell popula-
tions were transferred to nude mice re-
cipients prior to challenge with H. pylori 
(Raghavan et al., 2003). If CD25+ cells 
were removed from the lymph node cells
prior to transfer, the mice developed
significantly more inflammation and 
ultimately had significantly fewer 
bacteria in the gastric mucosa following
challenge. Therefore, in the absence of
immunisation there are cells present that
are capable of reducing the bacterial load
in the gastric mucosa. 

IL-10 producing regulatory T cells
A second type of suspected im-

munoregulatory cell is the IL-10 pro-
ducing T cell. Intestinal colonisation of
IL-10-/- mice with normal bacterial flora 
results in pronounced colitis suggesting
that under normal circumstances a 
population of IL-10 producing T cells
must prevent this inflammation. T cells
that produce high amounts of IL-10 
have been termed Tr1 cells and have 
been isolated from both mice and hu-
mans (Groux et al., 1997; Muminova et 
al., 1999). We have recently shown that
IL-10 producing regulatory T cells may
also be present in the stomach in re-
sponse to H. pylori infection. Infection 
of the mouse stomach with H. pylori
results in persistent infection, but only
mild inflammation. Figure 3 illustrates
that infection of IL-10-/- mice, however, 
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Figure 3. Il-10-/- mice develop severe inflammation relative to C57BL/6 mice in response to H. 
pylori infection. Mice were inoculated on two consecutive days with 1x107 CFU H. pylori SS1. 
Subsets of each group were sacrificed and examined at either 4 weeks or 16 weeks post-inoculation
and assessed for inflammation by examination of H&E stained sections. Statistical analysis was
performed by ANOVA. 

results in significantly greater inflam-
mation by 4 weeks post inoculation 
(p=0.0005). Additionally, the H. pylori
are spontaneously eradicated from these
mice, but not from wild-type mice (data
not shown). Spleen cells from the IL-10-
/- mice also produce significantly greater
levels of IFN-γ than wild type counter-
parts. By 16 weeks post-inoculation, in
the absence of H. pylori, the inflam-
mation in the IL-10-/- mice is signifi-
cantly reduced (p<0.0001). Wild type
mice, which remain infected, maintain a
constant level of gastritis, significantly
greater than the IL-10-/- mice at 16 
weeks. Similar results with regard to
bacterial load and inflammation in the 
IL-10-/- model have been reported by 
others (Chen et al., 2001). 

Inflammation and immunoregula-
tion 

As stated above, challenge of immu-
nised mice results in post-immune gas-
tritis, which can be significantly greater 

than the gastritis induced by natural in-
fection, at least within the first several
weeks of challenge (Garhart et al.,
2002). While some consider this a det-
riment to vaccination, the gastritis does
dissipate over time. It may be that since
the gastric mucosa lacks any organised
or diffuse lymphoid structures, inflam-
mation is essential to recruit the appro-
priate T cells to the stomach. Also, as
previously mentioned, transfer of CD25-
deficient lymph node cells to nude mice
increases the inflammatory response
following H. pylori challenge, as well as
reducing the bacterial load, providing
further evidence that inflammation may
hold the key to H. pylori eradication 
(Raghavan et al., 2003). This concept is
strengthened by our IL-10-/- studies in 
which eradication of the H. pylori was 
again accompanied by significant
increases in gastritis.

We have recently described another
model in which mice are able to sponta-
neously eradicate H. pylori from the 
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Figure 4. Phagocyte oxidase-deficient mice (cybb-/-) respond to Helicobacter infection with 
severe inflammation and a reduced bacterial load relative to C57BL/6 mice. Mice were inoculated
with 1x107 CFU H. pylori SS1 or H. felis CS1 and sacrificed at 21 days post-inoculation for
inflammation and bacterial load. Bacterial load was determined by direct enumeration of infected
glands by examination of silver-stained histologic sections. Statistical analysis was performed by
ANOVA. 

gastric mucosa (Blanchard et al., 2003). 
Neutrophils and macrophages from 
NADPH phagocyte oxidase deficient
mice (cybb-/-) lack the ability to generate
superoxide anions, a primary innate
cellular antimicrobial defence mecha-
nism (Pollack et al., 1995). This mouse
line serves as an experimental model for
human chronic granulomatous disease.
Typically these mice have increased
susceptibility to bacterial infection and
delayed bacterial clearance when ex-
perimentally infected with bacteria 
(Pollack et al., 1995). When these mice
are infected with either H. pylori or H. 
felis however, the inflammatory response
is significantly greater than in wild-type 

controls. The bacterial load in these mice 
drops significantly, and in some cases
the Hel i cobac te r  organisms are 
eradicated from the gastric mucosa 
within three weeks of infection (Figure
4). Although iNOS expression in the
gastric tissue of mice with gastritis is
elevated, mice deficient in iNOS, resem-
bled wild type mice and similarly failed
to eradicate H. pylori. Thus, the cybb-/-

mouse is only the second mouse model
described to date (in addition to the IL-
10-/- mouse) capable of spontaneously
eradicating H. pylori. Both models de-
velop pronounced gastritis in response
to infection. 

A NEW MODEL OF H. PYLORI PATHOGENESIS AND IMMUNITY 

Recent reports indicate that a reduc- mucosa requires pro-inflammatory
tion in H. pylori numbers in the gastric events. These have included the pres-
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Figure 5. Model for H. pylori pathogenesis and immunity. H. pylori infection of the gastric
mucosa results in activation of T cells recruited to the lamina propria (left side of figure). Antigen
presentation may occur via MHC II-expressing epithelial cells, dendritic cells that bridge the tight
junctions, or by macropohages that scavenge for bacteria and bacterial products that breech the
epithelial monolayer. The activated T cells fail to elicit an effective immune response.
Immunisation activates T cells in lymph nodes or other peripheral tissues resulting in fully active
helper cells (right side of figure). Challenge of the gastric mucosa recruits these T cells to the site
of inflammation where effective help results in a protective inflammatory response. 

ence of post-immunisation gastritis data. Additionally, when one considers
when immunised mice are challenged that H. pylori infection does in fact 
(Michetti et al., 1994; Pappo et al., 1995; stimulate H. pylori-specific T cells but
Garhart et al., 2002; Goto et al., 1999), fails to eradicate the infection, while
a requirement for IL-12 in developing immunisation by a number of different
protective immunity (Garhart et al., routes results in significant reduction in
2003a; Akhiani et al., 2002), increased the H. pylori burden, a new model for 
IFN-γ production upon challenge of H. pylori pathogenesis and immunity
immunised mice (Goto et al., 1999; begins to emerge.
Garhart et al., 2003a; Eisenberg et al., Whereas previous theories have 
2003; Gottwein et al., 2001), and spon- promoted a Th1/Th2 dichotomy for
taneous eradication only in mice that pathogenesis and immunity, it is possi-
develop robust gastritis in response to ble that H. pylori, while inducing a Th1
infection (Blanchard et al., 2003; Chen dominated response, survives in the 
et al., 2001). Therefore, previous theo- stomach because it actually limits the
ries that the induction of protective im- inflammatory and immune response
munity requires a shift in immune char- through the induction of H. pylori-spe-
acter from a Th1 to a Th2 response, or cific immunoregulatory T cells. The
even a mixed Th1/Th2 response, no studies mentioned above using IL-10-/-

longer accommodate the accumulating mice and describing CD25+ regulatory T 
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cells in both mice and humans support
this hypothesis. We propose that 
activation of T cells in the gastric mu-
cosa results in a population of down-
regulatory cells that limits both the in-
flammatory and immune response (Fig-
ure 5). When immunisations are applied
however, activation of the T cells occurs
in peripheral lymph nodes where activa-
tion of these T regulatory cells is not
favoured. When the T cells initially acti-
vated in lymph nodes are recruited to the
gastric mucosa as a result of H. pylori
challenge, they are capable of promoting
either a more severe inflammatory re-
sponse or a qualitatively different im-
mune response than is induced by natu-
ral infection. 

This theory is consistent with what
we know about immunoregulation of the
intestinal mucosa. To prevent detrimen-
tal immunity and inflammation from oc-
curring in response to normal indige-
nous bacterial flora, specific T cells 
down-regulate the response to those an-
tigens resulting in maintenance of im-
munologic quiescence (Khoo et al., 
1997; Groux et al., 1997; Chen et al., 
1994; Powrie, 1995; Powrie et al.,
1993). It is believed that conditions in 

the lamina propria such as antigen pres-
entation by epithelial cells, the presence
of IL-10 and TGF-ß, and immunoregu-
latory dendritic cells favour the induc-
tion of the regulatory T cells. Similar
events may occur in the gastric mucosa.
In fact, the increased incidence of gas-
tro-oesophageal reflux disease following
H. pylori eradication has led to 
speculation that H. pylori may have
formed a symbiotic relationship with
humans, and could be seen by the host
as normal flora (Blaser, 1999). In this
respect, the fraction of individuals that
develop symptomatic gastritis and peptic
ulcer disease may represent those indi-
viduals that have an aberrant response to
H. pylori, in the same way that patients
who suffer from inflammatory bowel
disease (IBD) are believed to react inap-
propriately to their own intestinal flora.
Further studies regarding the im-
munoregulation of the gastric mucosa
should continue to improve our under-
standing of how protective immunity is
accomplished against H. pylori, and will 
most likely be essential for the devel-
opment of an efficacious vaccine for use
in humans. 
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SUMMARY 

Carriage of commensal bacteria species is associated with the devel-
opment of natural immunity to meningococcal disease, with lipo-oligo-
saccharides (LOS) of meningococci being one of the main virulence
factors associated with severity of meningococcal disease. Meningococ-
cal reference strains and isolates from the commensal species Neisseria 
lactamica and Moraxella catarrhalis were assessed for the presence of
cross-reactive glycoconjugate antigens. Binding of human blood group
antibodies of the P and Ii system to meningococcal immunotype refer-
ence strains were in accordance with the presence of known LOS car-
bohydrate structures. Binding studies with meningococcal immunotyp-
ing antibodies and blood group phenotyping antibodies to N. lactamica 
strains from different European countries showed, that a greater number
of isolates obtained from native Greek and Scottish adults and children 
bound anti-meningococcal L(3,7,9) immunotyping (p<0.001), pK
(p=0.035) and paragloboside (p<0.001) blood group typing antibodies
compared to isolates obtained from children of Russian immigrants in
Greece. A greater number of M. catarrhalis strains isolated from chil-
dren in Scotland bound anti-L(3,7,9) antibodies (38.2%) compared to
strains isolated from adults (22.2%) (p=0.017). These findings provide
evidence that blood group like glycoconjugate antigens found on the
commensal species Neisseria lactamica and Moraxella catarrhalis 
might be involved in the development of natural immunity to
meningococcal endotoxins during childhood, and might be exploited as
anti-meningococcal vaccine candidates. 

——————————————————————————————————————— 
*: Reprinted with permission from: Vaccine 22, 898-908 (2004). All references should be made to
the original article. 
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INTRODUCTION
 

Evidence of common oligosaccharide
structures for meningococci and N. 
lactamica (NL) or meningococci and
Moraxella catarrhalis (MC) has been
reported to share oligosaccharide anti-
gens with some carbohydrate structures
found on human tissues including para-
globoside, P, P1, pK, and Ii blood group 
antigens (Mandrell et al., 1988). The
expression of blood group related LOS
on meningococcal carrier strains and
outbreak strains differs greatly. While
disease is mainly associated with men-
ingococcal immunotype L(3,7,9) show-
ing homology with the paragloboside
antigen (a precursor of the human nP1
blood group antigen), carrier strains
isolated in Britain were found to express
LOS immunotypes similar to the pK and 
ceramide-dihexocide blood group anti-
gens L1 and L8, respectively (Jones et 
al., 1992). There has been no systematic
screening of commensal NL or MC 
isolates from different regions of 
Europe with the immunotype antibodies
used to classify NM immunotypes or
antibodies to human blood group anti-
gens.

Thirteen major LOS types were 
identified for N. meningitidis using
polyclonal and monoclonal antibodies
by passive haemagglutination inhibition
techniques and whole cell ELISA (Ab-
dillahi and Poolman, 1988; Scholten et 
al., 1994). The majority of meningococ-
cal isolates express one or more of the
immunotypes L1-L12, while non-
typable and L13 immunotypes are rare.
The twelve major LOS types have a
relative molecular weight ranging from
3.15 to 7.1 kDa. The oligosaccharide
chain, also referred to as the α-chain or 
variable LOS region one (R1), is com-
posed of the saccharides glucose (Glc),
galactose (Gal), N-acetylglucosamine
(GlcNAc), N-acetylgalactosamine (Gal-
NAc). Sialylated forms contain the ter-

minal saccharide N-acetylneuramic acid
(NeuNAc) is added to terminal galactose
residues by endogenous or exogenous
sialyl transferases. Abbreviations for 
core moieties are used as follows: 
glycero-D-manno-heptopyranoside
(Hep or heptose); phospho-ethanola-
mine (PEA); 2-keto-3-deoxyoctulosonic
(KDO). The complete structures of im-
munotypes L10 – L13 are not eluci-
dated, but there is evidence that L10
contains the paragloboside residue and
L11 shows some homology with L1.
The PEA residue of immunotype L2 can
be expressed in two forms that undergo
phase variation: The PEA on the G3 re-
gion can be linked in (1→6) or (1→7)
conformation. The PEA can be replaced
by a hydrogen (H) atom. The PEA resi-
due of immunotypes L4 and L6 express
both PEA (1→6) and (1→7) linkages.
The expression of meningococcal im-
munotypes is associated with sero-
groups. Immunotypes L8, L9, L10, L11
and L12 are found on group A strains,
while serogroup B and C meningococci
express immunotypes L1 – L8 (Scholten 
et al., 1994; Dell et al., 1990; Gu et al., 
1992; Jennings et al., 1983; Kim et al., 
1994; Kogan et al., 1997; Michon et al., 
1990; Pavliak et al., 1993; Plested et al., 
1999; Rahman et al., 1998a; Wakarchuk 
et al., 1998) 

Immunotypes and pathogenicity
LOS immunotype expression is 

thought to be linked to the pathogenicity
of the organism. Immunotypes L(3,7,9)
are isolated predominantly from patients
with invasive meningococcal disease.
Other immunotypes are found predomi-
nantly among carrier strains. Immuno-
types L3, L7 and L9 are thought to be
similar in their immunochemical structu-
res with immunotype L3 being sialylated
by endogenous sialyl transferases. 
Immunotypes L3 and L7 are found on 
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serogroup B and C meningococci and
they have similar G2 core components,
PEA (1→3) HepII. Immunotype L9 is
expressed on group A strains (Jones et 
al., 1992; Plested et al., 1999).

The presence of the sialylated phe-
notype on invasive meningococci is as-
sociated with resistance to complement-
mediated killing by masking the terminal
galactose with NeuNAc. This me-
chanism is thought to reduce the recog-
nition of the epitope by anti-LOS anti-
bodies directed against the non-sialyla-
ted epitopes. Free or membrane bound
sialyl-L(3,7,9) also upregulates neutrop-
hil activation markers and results in in-
creased injury of epithelial cell lines.
Sialyl L(3,7,9) phenotypes can evade the
complement mediated bacteriolysis cas-
cade and reduces complement and anti-
LOS antibody mediated phagocytosis
by professional phagocytes (Mandrell et 
al., 1991,1993; Mandrell and Apicella,
1993; Hammerschmidt et al., 1994; 
McLeod Griffiss et al., 2000). 

Expression of major and minor im-
munotypes by N. meningitidis

Meningococci are able to express 
more than one immunotype. Isolates
from patients with meningococcal di-
sease in the Netherlands (1989-1990)
showed different immunotype combina-
tions (Scholten et al., 1994).
1. Group A meningococci L9 (54%),

L9,8 (8%), L10 (24%), L10,11 (8%)
and non-typable (NT) (8%).

2. Group 	B meningococci L1 (1%),
L1,8 (11%), L2 (10%), L3,7 (36%),
L3,7,1 (4%), L3,7,1,8 (2%), L3,7,8
(28%), L4 (4%), and L8 (5%).

3. Group C meningococci L1,8 (2%),
L2 (30%), L3,7 (37%), L3,7,1 (1%),
L3,7,1,8 (3%), L3,7,8 (7%), L4 
(15%), L8 (3%), and NT (3%).
The expression of multiple immu-

notypes within a meningococcal popu-
lation is thought to allow the organism
to diversify its antigenic structure, eva-

ding selective pressure of the host’s 
immune system. Sialylation and the ex-
pression of paragloboside gene cluster
IgtABE are the main phase variable
phenotypes known (Jennings et al.,
1999).

The expression of meningococcal
immunotypes undergoes phase variation
due to in vitro growth conditions. The
variability of meningococcal phenotypes
and LOS expression depends on the 
growth rate and phase, as well as the
presence of exogenous sialyl transfera-
ses (Berrington et al., 2002). 

LOS based vaccines 
The most common LOS immunotype

associated with disease is L(3,7,9) found
in both group B and C outbreak strains
of meningococci in Europe and America,
and group A in sub-Sahara-Africa 
(Varaine et al., 1997; Booy and Kroll,
1998; Fonkoua, 2002). Meningococcal
LOS is closely associated with the seve-
rity and fatality of disease. This is 
mainly due to its involvement in indu-
cing large amounts of pro-inflammatory
cytokines in a CD14 dependent mecha-
nism. Anti-meningococcal LOS antibo-
dies are not only bactericidal, but also
opsonising in nature, resulting in the
phagocytosis of invading bacteria and
LOS containing blebs by human mono-
cytes. Normal human serum of adults
usually contains antibodies against me-
ningococcal LOS, suggesting its im-
portant role in development of natural
immunity to meningococcal disease 
(Braun et al., 2002). Several anti-me-
ningococcal LOS vaccine candidates are
currently under investigation (Katial et 
al., 2002; Saunders et al., 1999). 

P-related blood group system
Carbohydrate antigens are widely

distributed on human blood cells and 
tissues. Their expression is facilitated
through glycosyl-transferases during the
post-translational modification of 
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Table 1: Blood group antigens of the P and Ii system 
——————————————————————————————————————— 
Blood group α chain moiety 
——————————————————————————————————————— 
CDH 
P globoside 
pk, CD77 
P1 
Paragloboside
i a 
i b 
I a αβ, I b β 
I c α 
I c β 
I d α,β 

Galβ (1→4) Glcβ 
GalNAcβ (1→3) Galα (1→4) Galβ (1→4) Glcβ 
Galα (1→4) Galβ (1→4) Glcβ 
Galα (1→4) Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ 
Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ 
Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ 
S - Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ 
Galβ (1→4) GlcNAcβ (1→3; 1→6) Galβ (1→4) GlcNAcβ (1→4) Galβ (1→4) Glcβ 
Galβ (1→4) GlcNAcβ (1→3) Galβ (1→6) GalNAcβ 
Galβ (1→4) GlcNAcβ (1→6) GalNAcβ 
Galβ (1→4) GlcNAcβ (1→6) GalNAcβ 

——————————————————————————————————————— 
CDH, ceramide-di-hexocide; I, adult; i, foetal; S, sialyc acid; the glucose is linked to the mem-
brane anchored ceramide (Glcβ (1→1) Ceramide) 

proteins (glycoproteins) or linkage to
ceramide (N-linked fatty acyl sphin-
gosine). The ABO blood group antigens
can be expressed either as glycoproteins
or as ceramide glycolipids. The P-blood
group system is thought to be expressed
in glycolipid form on red blood cells
and other tissues (Prokop and Uhlen-
bruck, 1965; Race and Sanger, 1975; 
Hakomori and Kannagi, .1986; Bailly et 
al., 1992; Brown et al., 1993) It consists
of a single oligosaccharide chain linked
to a membrane-anchored ceramide (Ta-
ble 1). One member of the P-system, the
globotriaosylceramide (pK or CD77) is
associated with the differentiation and 
maturation of human B cells (Butch and 
Nahm, 1992) and B-cell Burkitt lym-
phomas (Wiels et al., 1981). While other
members of the P-system are readily
expressed on human red blood cells, the
expression of pK is relatively rare 
(Marcus et al., 1976). It is thought that
oligosaccharides with a terminal 
galactose residue can be found in sialy-
lated or non-sialylated forms due to the
sialyl-transferases found in human se-
rum, an enzyme that is also associated
with the sialylation of meningococcal
LOS (Wakarchuk et al., 1998; Mandrell 
et al., 1991,1993; Mandrell and Apicel-

la, 1993; Hammerschmidt et al., 1994; 
McLeod Griffiss et al., 2000). 

Ii-blood group system
Similar to the pK antigen, Ii determi-

nants are associated with developmental
maturation in humans. Although, pK 

might be expressed in children and 
adults, i-antigens are found in foetal tis-
sue but rarely in children or adults. I-
antigen expression coincides with the
loss of i-blood group moieties (Marsh 
and Jenkins, 1960; Marsh, 1961; Wie-
ner, 1973). The i-determinant has a sin-
gle chain oligosaccharide structure 
linked to a membrane anchored cera-
mide, while the I-blood group antigens
consist of a branched structure at the 
third terminal saccharide. Ia and Ib are 
glycolipids linked to ceramide, while the
carbohydrate antigens Ic and Id form the
glycosyl structure of glycoproteins
linked to the amino acids serine and 
threonine. 

Structural homology of N. meningi-
tidis LOS with blood group antigens

The oligosaccharide moiety of the α-
chain of NM LOS shares structural 
homology with some human blood 
group antigens (Table 2), and these 
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Table 2: Oligosaccharide and core structures of meningococcal LOS immunotypes 
——————————————————————————————————————————————————————————— 
LOS type Terminal oligosaccharide α chain oligomer of the G1 region Core 

—————————————————————————— 
[A] G2 G3 

——————————————————————————————————————————————————————————— 
L1 Galα (1→4) Galβ (1→4) Glcβ - PEA (1→3) H
 
L2 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ - Glcα (1→3) PEA H, (1→6), (1→7)

L3 S (2→3) Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ - PEA (1→3) H
 
L4 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ - H (→3) PEA (1→6), (1→7)

L5 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ Glcβ (1→4) Glcα (1→3) H
 
L6 GalNAcβ (1→3) Galα (1→4) Glcβ - H(→3) PEA (1→6), (1→7)

L7 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ - PEA (1→3) H
 
L8 Galβ (1→4) Glcβ - PEA (1→3) H
 
L9 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ - PEA (n.e.) n.e.
 
L10 Galβ (1→4) GlcNAcβ (1→3) Galβ (1→4) Glcβ n.e. PEA (n.e.) n.e.
 
L11 Galα (1→4) Galβ (1→4) Glcβ n.e. PEA (n.e.) n.e.
 
L12 n.e. n.e. PEA (n.e.) n.e.
 
L13 n.e. n.e. n.e. n.e.
 
——————————————————————————————————————————————————————————— 
Abbreviations: Gal, galactose; GlcNAc, N-acetylglucosamine; Glc, glucose; S, sialyc acid; Hep, heptose (glycero-D-manno-heptopyranoside);
PEA, phospho-ethanolamine; H, hydrogen; [A], Glcβ (1→4) insertion of the α chain; n.e., not elucidated. 
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Table 3: Primary structure of α and β chains of MC LOS of MC immunotypes A, B and C 
——————————————————————————————————————————————————————————— 

LOS type Chain Terminal oligosaccharides (variable regions) Homology with human Homology with 
oligosaccharides meningococcal immunotypes 

——————————————————————————————————————————————————————————— 
A α Galα (1→4) Galβ (1→4) Glcα (1→2) Glcβ pK blood group L1, L11 

β GlcNAcα(1→2) Glcβ 

B6	 α Glcα (1→2) Glcβ
 
β Glcβ
 

B7	 α Glcα (1→2) Glcβ
 
β Glcα (1→2) Glcβ
 

B8	 α Glcα (1→2) Glcβ
 
β Galβ(1→4) Glcα (1→2) Glcβ Dihexoceramide L8
 

B9	 α Galβ(1→4) Glcα (1→2) Glcβ Dihexoceramide L8
 
β Galβ(1→4) Glcα (1→2) Glcβ Dihexoceramide L8
 

B10	 α Galα (1→4) Galβ(1→4) Glcα (1→2) Glcβ pK blood group L1, L11
 
β Galβ(1→4) Glcα (1→2) Glcβ Dihexoceramide L8
 

B11	 α Galα (1→4) Galβ(1→4) Glcα (1→2) Glcβ pK blood group L1, L11
 
β Galα (1→4) Galβ(1→4) Glcα (1→2) Glcβ pK blood group L1, L11
 

C8	 α Glcα (1→2) Glcβ
 
β Galβ(1→4) GlcNAcα(1→2) Glcβ Paragloboside L2, L(3,7,9), L5
 

C10	 α Galα (1→4) Galβ(1→4) Glcα (1→2) Glcβ pK blood group L1, L11
 
β Galβ(1→4) GlcNAcα(1→2) Glcβ Paragloboside L2, L(3,7,9), L5
 

C11	 α Galα (1→4) Galβ(1→4) Glcα (1→2) Glcβ pK blood group L1, L11
 
β Galα (1→4) Galβ(1→4) GlcNAcα(1→2) Glcβ P1 blood group
 

——————————————————————————————————————————————————————————— 
Abbreviations: Gal, galactose; GlcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine ; Glc, glucose. 
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structures have been identified in the 
LOS of several isolates of NM and N. 
gonorrhoea (Mandrell et al., 1988; Kim 
et al., 1989). The G1 region of L1 and
L11 meningococcal LOS immunotypes
show identical terminal oligosaccharide
residues of ceramide trihexocide, Galα 
(1→4) Galβ (1→4) Glcβ, identical to the 
human pk blood group antigen (CD77) 
(Griffiss et al., 1987a,b).

The lacto-N-neotetranose residue,
Galβ (1→4) GlcNAcβ (1→3) Galβ, a 4.5 
kilodalton LOS component of im-
munotypes L2, L(3,7,9), L4 and L5 is
identical to paragloboside with different
distributions in NM, N. gonorrhoea and 
NL (Kim et al., 1989). Additionally,
paragloboside, a precursor of P1 blood
group antigen found in 75% of Cauca-
sians, is the terminal structure of the
human I-erythrocyte antigen and the 
embryonic i-antigen (Mandrell et al., 
1988; Hakomori and Kannagi, 1986; 
Tsai and Civin, 1991). It is also an epi-
tope homologous to type 14 pneumo-
coccal polysaccharide capsules (Siddiqui
and Hakomori, 1973). Immunotype L6 
shares its two terminal sugars, Galβ 
(1→4) GlcNAcβ, with the P blood group
antigen, and L8 shares its terminal 
disaccharide with ceramide dihexocide,
G a l  β (1→ 4) G l c  β , the common 
precursor of the P blood group system
and steroid receptors. 

Structural homology of M. catar-
rhalis LOS with blood group anti-
gens

The oligosaccharide moieties of the 
α-or ß-chains of M. catarrhalis LOS 
shares structural homology with some
human blood (Table 3). Serological 

typing of MC is based upon its LOS.
All serotypes of MC have LOS of a 
similar molecular weight, about 5.5 kDa
(Holme et al., 1999). This differs greatly
from immunotypes found in meningo-
cocci and N. gonorrhoeae, which have 
variable sizes of LOS, 4.1-5.0 kDa and
3-5 kDa, respectively (Schneider et al., 
1984).

There are three major LOS types (A,
B, and C) found in approximately 95%
of all MC isolates identified in 61%,
29%, and 5% of isolates, respectively
(Rahman et al., 1997,1998a,b; Rahman 
and Holme, 1996; Vaneechoutte et al., 
1990a,b; Edebrink et al., 1994,1995, 
1996; Masoud et al., 1994). Lipid A is
anchored in the outer membrane of the 
bacterial envelope linked to KDO-I that
is linked to KDO-II. A Glcβ (3→1) Glc 
moiety is linked to (1→ 5) KDO-I
forming the backbone of all known MC
immunotypes. The LOS β-chain is 
linked to the 4th carbon, the α-chain to 
the 6th carbon of the glucose (1→5)
KDO-1 residue. Both chains are vari-
able in length and oligosaccharide com-
position that determines the MC immu-
notypes. In contrast to the LOS of
meningococci, heptose is not present in
the LOS of MC (Holme et al., 1999).
The major difference between the im-
munotypes of MC is that groups A and
C contain GlcNAcα within its β-chain,
while group B contains Glcα in its 
place. Several authors have reported
some structural and antigenetic homol-
ogy or similarity between commensal
bacteria, or Neisseria and Moraxella 
species (Rahman et al., 1998b; Jonsson 
et al., 1992,1993,1994). 

OBJECTIVES 

The aim of this study was to test the catarrhalis share cross-reactive antigens
hypothesis that LOS found on the with meningococcal immunotypes and
commensal species N. lactamica and M. human blood group antigens that might 
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induce protective immunity against antigens and NM immunotype antigens
meningococcal disease. The objectives and 2) to compare binding of these anti-
of this study were: 1) to assess N. lac- bodies by commensal isolates from dif-
tamica and M. catarrhalis isolates for ferent geographical regions of Europe
binding of antibodies to blood group and the age groups. 

MATERIAL AND METHODS 

Bacterial strains 
Standard meningococcal immuno-

type strains L1-L12 were obtained from
Dr. W. D. Zollinger, Washington D.C.
N. lactamica isolates were obtained 
from our culture collection or colleagues
in different regions of Europe: Dr. P.
Krizova, National Reference Laboratory
for Meningococcal Disease, Prague,
Czech Republic; Dr. K. Jónsdóttir, Uni-
versity Hospital, Reykjavik, Iceland; Dr.
G. Tzanakaki, National Meningococcal
Reference Laboratory, National School
of Public Health, Athens, Greece; Dr. S.
Clarke, Scottish Meningococcal and
Pneumococcal Reference Laboratory
(SMPRL), Glasgow, Scotland. M. 
catarrhalis clinical isolates from our 
culture collection were kindly provided
by Dr. El-Ahmer. None of the NL or
MC isolates were agglutinated by stan-
dard meningococcal capsular serogroup
reagents. 

Bacterial growth conditions
Cultures were grown overnight at 

37ºC on human blood agar (HBA)
containing: lysed erythrocytes concen-
trates (100 ml) obtained from the blood
transfusion services, University of Co-
logne; special peptone (23 g) (Difco);
corn starch (1 g) (Sigma); NaCl (4.5 g)
(Sigma); D-glucose (1 g) (Sigma);
technical grade agar (10 g) (OXOID);
K2HPO4 (4 g) and KH2PO4 (1 g); 900 
ml of distilled water. 

Antibodies 
Primary antibodies used to detect ex-

pression of meningococcal immunotype 

antigens were as follows: L1 (17-1-L1),
L(3,7,9) (12C10), L8 (6E7-10) and L10
(14-1-L10) (all mouse IgG) were pro-
vided by W. Zollinger, Walter Reid
Army Institute for Research, Washing-
ton D.C. Antibodies directed against
human blood group antigens were used
as follows: paragloboside (mouse IgM)
(1B12-1B7, ATCC); P1 (mouse IgM)
(Z202) and Ii (human IgG) (Z248)
(both Diagnostic Scotland, Edinburgh,
UK); P (rabbit IgG) (A0302 118,
DAKO); pK (rat IgM) (MCA579, Se-
rotec). The following horseraddish per-
oxidase (HRP) conjugated secondary
antibodies were used: protein A (S. 
aureus) (Sigma); anti mouse IgM µ
chain (goat) (Sigma); anti-rabbit IgG γ 
chain (rat) (Biosource); and anti rat IgM 
µ chain (mouse) (Biosource). 

Whole cell ELISA (WCE)
WCE was used to screen for binding

of antibodies to blood group and immu-
notype antigens on bacteria based on 
previously published methods for the
detection of antigens on meningococci
(Abdillahi and Poolman, 1988; Scholten 
et al., 1994). Bacteria were grown over-
night on HBA, harvested in sterile fil-
tered 0.5% (v/v) buffered formalin and
washed twice in sterile filtered phos-
phate buffered saline (PBS). The cell
suspension was adjusted to a final con-
centration of 101 0  bacteria ml-1 which 
correlated to an absorption of 
OD546=0.600. The cell suspension (100 
µl) was distributed into sterile flat bot-
tom 96 well PVC microtitre plates
(Greiner) and allowed to dry overnight 
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at 56°C. The coated plates were kept at
room temperature (RT) for up to three
months. 

Assay
The coated plates were washed 3

times with washing solution containing
Tween 80 (0.25 ml) (Sigma) in 1 litre of
tap water, aspirated, and blocked for 15
min with 50 µ l CT buffer containing
casein (3 g) (Sigma) and Tween 80
(0.11 ml) dissolved in 1 litre of distilled
water at 37°C. The CT buffer was re-
moved and 50 µl of primary antibodies
diluted in CT buffer were added to the 
appropriate wells. The plates were incu-
bated at 37°C for 30 min in a moist 
chamber. The samples were washed 
three times in washing solution. The
peroxidase-conjugated secondary anti-
body diluted in CT buffer (100 µl) was
added to each appropriate well and in-
cubated for 30 min at 37°C in a moist 
chamber. The wells were washed three 
times with washing solution (100 µl),
and 100 µl of freshly prepared 3,3’,5,5’
tetramethyl-benzidine (TMB) (Sigma)
substrate diluted 1 in 5 in distilled water 
was added to the appropriate wells. The
plates were incubated at room tempera-
ture in the dark for 15 min. The peroxi-
dase activity was stopped by adding 50 
µl of sulphuric acid (2N) to each well.
The absorption of each well was meas-
ured at an optical density of 450 nm 
with a reference filter at 630 nm using a
96 well plate reader (Dynex MRX II)
and analysed with the Dynex Revelation
software for PCs .Two separate batches
of bacteria were assessed in duplicate in
three independent experiments. Each
ELISA plate contained a negative control
for non-specific binding of the HRP-
conjugated secondary antibody tested 

for each individual strain. This sample 
was used to set the negative value
against which the samples incubated
with the primary and secondary
antibody was judged as negative or
positive. An increase in the absorbance
of more than 0.5 in the reading for the
test compared to the negative control
was considered to be positive for bind-
ing of the antibody (+). Values below
0.5 were scored as negative (-) (Scholten 
et al., 1994).

Every ELISA plate contained a posi-
tive control, reported to express the im-
munotype antigens, immunotype refer-
ence strains L1, L3, L7, L8 and L10.
Quality control between plates was as-
sessed by adding 5 µl of the HRP-con-
jugated secondary antibody and TMB
substrate (100µl) to an empty well.
Variability in absorbance between plates
was less than 0.100. 

Statistical analysis
Binding of meningococcal immuno-

type or blood group antibodies were ex-
pressed as positive (1) or negative (0)
scores. Statistical analysis was per-
formed with the software package SPSS
version 10.0.7a for Macintosh (SPSS
Inc.). Differences in WCE scores across
groups with two factor models were 
examined using Chi-Square tests 
(Fisher’s exact test, Fχ2) and symmetric
interval-by-interval measures (Pearson’s
regression, PR), and groups with more
than two factor models were examined 
using Chi-Square tests (Pearson’s two
sided Chi-Square test, Pχ2) and sym-
metric interval by interval measures 
(Pearson’s regression one-sided test,
PR). P values of <0.05 were considered
statistically significant. 
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Table 4: Whole cell ELISA to detect binding of antibodies to blood group antigens by
meningococcal immunotype reference strains 

————————————————————————————————— 
Blood group Immunotype 

———————————— ————————————— 
Reference strain P P1 pK Paragloboside I L1 L(3,7,9) L8 L10 
————————————————————————————————— 
L1 + - + - - + - + -
L2 + - - + + - + - -
L3 + - + - + - + + -
L4 - - - + - - - - -
L5 - - - + + - + - -
L6 + + - - - - - - -
L7 + + + + + - + + -
L8 + + + + + - + + -
L9 - - + + + - + + -
L10 - - + + + - - + +
 
L11 + - + - + - - + -
L12 - - - + - - - - +
 
————————————————————————————————— 
Data: detection of antigens; + binding of typing antibodies; -, absence of antibody binding. 

RESULTS 

Binding of blood group and immu-
notype antibodies to meningococcal
immunotype strains
Blood group antibodies

The immunotype reference strains
bound the following blood group anti-
bodies: L1 reacted with P and pK; L2
with P, paragloboside and Ii; L3 with P, 
pK, and Ii; L4 with paragloboside; L5
with paragloboside and Ii; L6 with P1;
L7 and L8 reacted with all blood group
antibodies used; L9 with P1, pK, para-
globoside and Ii; L10 with pK, paraglo-
boside and Ii; L11 P, pK and Ii; L12 re-
acted only with paragloboside (Table 4).
The detection of anti-I antibodies to 
meningococcal reference strains using
either HRP-conjugated protein A or 
HRP-conjugated anti-human IgG was 
identical. 

Meningococcal immunotype antibodies
The immunotype reference strains

bound the following anti-LOS antibod-
ies: L1 reacted with L1 and L8; L2 with 

L(3,7,9); L3 with L(3,7,9) and L8; L4
with none; L5 with L(3,7,9); L6 did not
bind any of the antibodies used; L7 re-
acted with L(3,7,9) and L8; L8 with L8
and L(3,7,9); L9 with L(3,7,9) and L8;
L10 with L10 and L8; L11 with L8; and
L12 reacted with L10 (Table 4). 

Detection of blood group or immu-
notype antigens on NL from differ-
ent sources 

The binding of antibodies to blood
group antigens and LOS immunotypes
to NL isolates from the Czech Republic
(n=4), from children (n=2) and adults
(n=10) in Scotland, from Russian im-
migrant children in Greece (n=27), and
from native Greek children (n=34), ju-
veniles and adults (n=38) (Kremastinou 
et al., 1999a,b) were assessed by WCE
in three independent experiments. The
binding of blood group antibodies (Ta-
ble 5) and meningococcal immunotype
antibodies (Tables 6, 7, and 8) are sum-
marised by country and age group. 
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Table 5: Binding of antibodies to human blood group antigens by commensal N. lactamica
 
isolates obtained from Czech, Icelandic and Scottisch childrenand adults,
 

and Russian immigrant children in Greece
 
——————————————————————————————————————— 
Origin Age(years) n P P1 pK Paragloboside Ii no binding 
——————————————————————————————————————— 
Czech Rep ≤13 4 1 (25.0) 2 (50.0) 2 (50.0) 4 (100) 4 (100) 0 (0.0) 
Scotland >0 12 1 (8.3) 2 (16.7) 8 (66.7) 8 (66.6) 7 (58.3) 6 (50.0) 
Russia ≤13 27 10 (37) 4 (14.8) 8 (29.6) 1 (3.7) 8 (29.6) 0 (0.0) 
Iceland ≤13 1 1 (100) 1 (100) 0 (0.0) 1 (100) 1 (100) 0 (0.0) 
——————————————————————————————————————— 
Data: number and percentage (%) of isolates binding the human blood group phenotyping anti-
bodies; n.t.: not tested; n.s., not significant. 

Significantly fewer NL isolates from
Russian immigrant children in Greece
expressed pK (p=0.035) and paraglo-
boside (p<0.001) antigens compared to
isolates from Scotland. There was no 
significant difference in the expression
of P, P1 or Ii antigens between the sam-
ples from different countries tested.
Meningococcal immunotypes L(3,7,9)
(p<0.001) and the L(3,7,9) positive L8
negative phenotype (L379+L8-)
(p<0.001) were expressed by fewer NL
isolates obtained from Russian immi-
grant children in Greece compared to
isolates obtained from Scottish, Czech
or from native Greek adults or children 
(Table 7).

The majority of NL isolates obtained
from children (60.6%) and adult 
(82.2%) carriers expressed antigens
cross-reactive with meningococcal im-
munotype L(3,7,9). There was no sig-
nificant difference in the binding of
meningococcal immunotyping antibod-
ies between strains isolated from juve-
niles (age 14 to 19) compared to isolates
obtained from adult carriers (age ≥20 
years). These two populations were 
consequently grouped together as adults
(age ≥14 years). Significantly more 
strains isolated from adults bound anti-
bodies against meningococcal immu-
notype L(3,7,9) (p=0.014) and pheno-
type L(3,7,9) positive L8 negative
(p=0.009) compared to isolates obtained
from children carriers. 

Binding of antibodies to blood 
group and L(3,7,9) antigens by M. 
catarrhalis isolates from Scotland 

The binding of blood group antibod-
ies against P, P1, pK, paragloboside, I
(n=126) to isolates obtained from chil-
dren (n=27) and adults (n=99) was 
measured by WCE. The binding of
meningococcal immunotyping antibod-
ies L1, L(3,7,9) and L10 to isolates of
children (n=87) and adults (n=99) was
measured. 

Most clinical isolates of MC bound 
one or more antibodies to the blood 
group antigens tested (Table 9). Signifi-
cantly more strains isolated from adults
bound antibodies to P1 (p=0.024),
paragloboside (p=0.034) and Ii 
(p=0.022) compared to isolates obtained
from children. Binding of antibodies to
P, pK or strains that did not bind any of
the blood groups tested did not differ
significantly between isolates obtained
from adults or children. 

Most clinical isolates of MC obtained 
from children (n=89) bound one or 
more meningococcal immunotyping an-
tibodies. The majority of M. catarrhalis 
strains isolated from children (71.9%)
bound immunotyping L1 antibodies,
while L8 antigens were detected on a 
small number of isolates (5.6%). Sig-
nificantly more strains isolated from
children (38.2%) bound antibodies to
L(3,7,9) compared to isolates obtained
from adults (n=99) (22.2%) (P=0.017). 
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Table 6: Binding of meningococcal immunotyping antibodies by commensal N. lactamica isolates obtained from Czech, Icelandic, Greek 
and Scottisch children and adults, Russian immigrant children in Greece 

——————————————————————————————————————————————————————————— 
Origin Age (years) n L1 L(3,7,9) L8 L(3,7,9)+ L8+ L(3,7,9)+ L8- L(3,7,9)- L8+ L(3,7,9)- L8-
——————————————————————————————————————————————————————————— 
Czech Rep ≤13 4 1 (25.0) 4 (100) 2 (25.0) 2 (50.0) 2 (50.0) 0 (0.0) 0 (0.0) 
Scotland ≤13 2 0 (0.0) 2 (100.0) 2 (100.0) 0 (0.0) 2 (100.0) 0 (0.0) 0 (0.0) 
Scotland ≥14 10 1 (10.0) 7 (70.0) 2 (20.0) 2 (20.0) 5 (50.0) 0 (0.0) 3 (30.0) 
Iceland ≤13 1 0 (0.0) 1 (100.0) 0 (0.0) 0 (0.0) 1 (100.0) 0 (0.0) 0 (0.0) 
Russia ≤13 27 4 (14.8) 9 (33.3) 4 (14.8) 4 (14.8) 5 (18.5) 0 (0.0) 18 (66.7) 
Greece ≤13 34 12 (35.3) 25 (73.5) 3 (0.8) 3 (0.8) 22 (64.7) 0 (0.0) 9 (26.5) 
Greece ≥14 38 10 (26.3) 32 (84.2) 4 (10.5) 4 (10.5) 28 (73.7) 0 (0.0) 6 (15.8) 
——————————————————————————————————————————————————————————— 
Data: number and percentage (%) of isolates binding the human blood group phenotyping antibodies. 

Table 7: Binding of meningococcal immunotyping antibodies by commensal N. lactamica isolates by region 
——————————————————————————————————————————————————————————— 
Origin n L1 L(3,7,9) L8 L(3,7,9)+ L8+ L(3,7,9)+ L8- L(3,7,9)- L8+ L(3,7,9)- L8-
——————————————————————————————————————————————————————————— 
Czech Rep 4 1 (25.0) 4 (100.0) 2 (50.0) 2 (50.0) 2 (50.0) 0 (0.0) 0 (0.0) 
Scotland 12 1 (8.3) 9 (75.0) 2 (16.7) 2 (16.7) 7 (58.3) 0 (0.0) 3 (25.0) 
Russia 27 4 (14.8) 9 (33.3) 4 (14.8) 4 (14.8) 5 (18.5) 0 (0.0) 18 (66.7) 
Greece 72 22 (30.6) 57 (79.2) 7 (9.7) 7 (9.7) 50 (69.4) 0 (0.0) 15 (20.8) 
——————————————————————————————————————————————————————————— 
Data: number and percentage (%) of isolates binding the human blood group phenotyping antibodies; n.t.: not tested; n.s., not significant. 
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Table 8: Binding of meningococcal immunotyping antibodies by commensal N. lactamica isolates by age 
——————————————————————————————————————————————————————————— 
Age (years) n L1 L(3,7,9) L8 L(3,7,9)+ L8+ L(3,7,9)+ L8- L(3,7,9)- L8+ L(3,7,9)- L8-
——————————————————————————————————————————————————————————— 
≤13 71 16 (22.5) 43 (60.6) 10 (14.1) 10 (14.1) 33 (46.5) 0 (0.0) 28 (39.4) 
≥14 45 12 (26.7) 37 (82.2) 5 (11.1) 5 (11.1) 32 (71.1) 0 (0.0) 8 (17.8) 
——————————————————————————————————————————————————————————— 
Data: number and percentage (%) of isolates binding the human blood group phenotyping antibodies; n.t.: not tested; n.s., not significant. 

Table 9: Binding of antibodies to blood group antigens by clinical M. catarrhalis isolates obtained from Scottisch children and adults 
——————————————————————————————————————————————————————————— 
Origin Age (years) n P P1 pK Paragloboside Ii no binding 
——————————————————————————————————————————————————————————— 
Scotland ≤13 27 1 (3.7) 2 (7.4) 20 (74.1) 1 (3.7) 1 (3.7) 6 (22.2) 
Scotland ≥14 99 15 (15.2) 28 (28.3) 60 (60.6) 21 (21.2) 23 (23.2) 26 (26.1) 
——————————————————————————————————————————————————————————— 
Data: number and percentage (%) of isolates binding the human blood group phenotyping antibodies; n.t.: not tested; n.s., not significant. 
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DISCUSSION
 

Binding of antibodies to blood 
group and meningococcal immuno-
type antigens by meningococci in
relation to previous studies

All immunotype antibodies used 
bound to strains previously reported to
express these antibodies (Scholten et al.,
1994). The anti-paragloboside antibody
bound to all immunotype reference
strains reported to express this antigen
as its terminal moiety. The anti-paraglo-
boside antibody did not bind to the sia-
lylated paragloboside moiety of immu-
notype L3. In addition, immunotype L8
that bound anti-paragloboside IgM co-
expresses immunotype L(3,7,9). Immu-
notype L12 bound anti-paragloboside,
an antigen found on immunotype L10.
The antibody against immunotype
L(3,7,9), an antigen that contains the
paragloboside moiety, did not bind to
immunotypes L4, or L10 that bound
anti-paragloboside antibodies. These
findings suggest that the L(3,7,9)
antibody recognises an epitope that is
either not accessible in these immuno-
types, or that the L(3,7,9) antibody is
directed against an epitope other than or
in addition of the oligosaccharide moi-
ety. This epitope might be present in the
core structure of the L(3,7,9) antigen, or
it might include a combination of core
and paragloboside structure.

The binding of blood group anti-
bodies corresponds to the presence of
these antigens within the published
structures of meningococcal LOS. 
These findings provide evidence that
antibodies used for blood group typing
can detect similar antigens on meningo-
cocci. Antibodies found in human serum 
directed against blood group antigens
might also cross-react with menin-
gococcal oligosaccharide moieties, for
example anti-I antibodies found in hu-
man serum. Their possible biological
functions in relation to complement de-

pendent bactericidal activity, ability to
neutralise the toxicity of meningococcal
LOS, or ability to opsonise meningo-
cocci and commensal species has not
been reported. 

Binding of antibodies to blood 
group and meningococcal immuno-
type antigens by NL isolates from
different countries in Europe

Several authors have investigated car-
riage rates of meningococci and NL
within normal populations in the USA
(Gold et al., 1978), Norway (Holten et 
al., 1978), Nigeria (Blakebrough et al., 
1982), Spain (Saez-Nieto et al., 1985), 
England (Cartwright et al., 1987; Coen 
et al., 2000), Faroer Islands (Olsen et al., 
1991), Wales (Davies et al., 1996), 
Greece (Kremastinou et al., 1999a,b), 
and New Zealand (Simmons et al.,
2000). There has, however, been no 
systematic survey of antigens on NL
cross-reactive with those on meningo-
cocci. All of these surveys investigating
carriage of NL reported, that carriage
rates of NL were higher in young chil-
dren (12-65%) compared to young
adults (2-5%). Carriage of NL were 
found to exceed those for carriage of
meningococci within the younger age
groups by up to 6 to 1 and the two spe-
cies are not isolated from the same indi-
vidual (G. Tzanakaki, personal commu-
nication). This demonstrates that NL is a
commensal found world-wide in young
children, and its association with the
development of natural immunity to
meningococcal disease appears to be of
great importance in many communities.

The significant differences in the
binding of antibodies to carbohydrate
antigens by strains isolated from carriers
from different European regions indicate
that regional phenotypic differences of
NL isolates might contribute to the 
development of different herd im-
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munities. The majority of NL isolates
from children and adults tested, ex-
pressed the cross-reactive L(3,7,9)
meningococcal immunotype associated
with virulence in pathogenic meningo-
cocci, suggesting that this phenotype on
commensal species might be a major
antigen involved in the development of
natural immunity to meningococcal dis-
ease. This could lead to greater suscep-
tibility to meningococcal disease in
some populations, for example, those in
which there is a low proportion of 
commensal strains expressing the 
L(3,7,9) or L8 epitopes. Little is known
about the LOS immunotypes of menin-
gococcal isolates from Eastern Europe,
the Americas, Australia or African coun-
tries. 

Binding of antibodies to blood 
group and L(3,7,9) antigens by M. 
catarrhalis obtained from adults and 
children 

The majority of MC isolates (73.8%)
bound one or more antibodies to blood 
group antigens or L(3,7,9) immunotype.
Antibodies to the blood group pK 

(63.5%) were bound by most of the
isolates, and a large proportion of iso-
lates obtained from children (38.2%)
and adults (22.2%) bound the mono-
clonal meningococcal immunotyping
antibody to L(3,7,9). These findings
support our hypothesis, that carriage of
MC might induce protective immunity
against meningococcal disease. Most of
these isolates were from adults with res-
piratory tract infections. Strains isolated
from children with otitis media showed a 
higher proportion of binding of L(3,7,9) 

antibodies to those MC isolates 
compared to isolates causing disease in
adults. Similar studies with MC isolates 
from children from different geographi-
cal regions and ethnic groups with 
respiratory or ear infections and carrier
isolates need to be carried out. Little is 
known about natural antibodies induced 
by MC cross-reactive to meningococci
or NL. Naturally occurring IgG2 anti-
bodies that bound to whole cells of MC 
were detected in children older than 5 
years (Goldblatt et al., 1990). The devel-
opment of natural immunity to MC is
thought to be facilitated by glycoconju-
gates (Murphy and Bartos, 1989). Car-
riage rates of MC are higher in early
childhood compared to NL and menin-
gococcal carriage rates combined (Van-
eechoutte et al., 1990a,b; Faden et al., 
1991; Harrison et al., 1999), and con-
secutive carriage of genetically and phe-
notypically different MC strains is com-
mon among young children (Rahman et 
al., 1998b; Faden et al., 1994).

The presence of antibodies to MC in
the serum of older children, the frequent
carriage rate of multiple strains by chil-
dren, and its cross-reactivity with some
of meningococcal antigens provides evi-
dence that MC might be involved in the
development of natural immunity to
meningococcal disease as described by
Goldschneider, Gotschlich and Arten-
stein (1969a,b). The higher frequency of
carriage of MC compared to NL and
meningococci further suggests that MC
might play an important role in the de-
velopment of antibodies that protect
against meningococcal disease. 

CONCLUSIONS
 

The commensal species N. lactamica 
and M. catarrhalis express antigens that
bound antibodies used for meningococ-
cal immunotyping and typing of human 

blood group antigens. Significant dif-
ferences in the binding of antibodies to
carbohydrate antigens were observed 
among N. lactamica strains isolated 

195 



 

 

 

 
 

 

 

 

from children and adult carriers from 
different European regions. This indi-
cates that regional phenotypic differ-
ences of N. lactamica isolates might
contribute to the development of differ-
ent herd immunities that could lead to 
greater susceptibility to meningococcal
disease in some of these populations.
Differences in the expression of carbo-
hydrate antigens between isolates of M. 
catarrhalis obtained from children and 
adults, the presence of anti-MC anti-

bodies in older children, its frequent
presence in the pharyngeal cavities of
children, and apparent high levels of
strains with L(3,7,9) epitope isolated
from children with otitis media provide
evidence that MC might be involved in
the development of natural immunity to
meningococcal LOS. The presence of
glycoconjugate antigens on commensal
bacteria might be exploited as anti-
meningococcal vaccine candidates. 
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