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Editorial introductions
Current Opinion in Infectious Diseases was launched in 1988.

It is part of a successful series of review journals whose

unique format is designed to provide a systematic and

critical assessment of the literature as presented in the

many primary journals. The field of infectious diseases is

divided into 12 sections that are reviewed once a year.

Each section is assigned a Section Editor, a leading

authority in the area, who identifies the most important

topics at that time. Here we are pleased to introduce the

Journal’s Section Editors for this issue.

Section Editors

Paul T. Heath
Paul Heath a is Senior Lec-

turer and Honorary Consult-
ant in Paediatric Infectious

Diseases at St George’s

Hospital and St George’s

Vaccine Institute, Univer-

sity of London. He trained

in paediatrics and infectious

diseases at the Royal Chil-

dren’s Hospital, Melbourne,

the John Radcliffe Hospital,

Oxford and St George’s Hos-
pital, London. Dr Heath’s

particular research interests

are in the epidemiology of vaccine-preventable diseases,

clinical vaccine trials – particularly in at-risk groups – and

perinatal infections.

He has coordinated national surveillance studies on

Haemophilus influenzae and Group B streptococcal infec-

tions in British children. He sits on national committees

concerned with meningitis, Group B streptococcus

prevention, Pneumococcal and Hib infections, hospital-

acquired infections, and on vaccination of the immuno-

compromised host.

Dennis L. Stevens

Dr Stevens received his PhD in Microbiology from

Montana State University and his MD from the

University of Utah College of Medicine. Following

a residency in internal medicine at the University of
opyright © Lippincott Williams & Wilkins. Unauthorized reproduction of
Utah, Dr Stevens com-

pleted an Infectious Dis-

ease Fellowship at Brooke

Army Medical Center in

San Antonio, Texas, and

has been Chief of Infectious

Diseases at the Veterans

Affairs Medical Center in

Boise, Idaho since 1979.

Dr Stevens is Professor of

Medicine at the University

of Washington School of

Medicine; his major clinical

interests have been in sta-
phylococcal and streptococcal toxic shock syndromes,

and in skin and soft tissue infections including necrotiz-

ing fasciitis and gas gangrene. Dr Stevens’ research

interests are centered on gram-positive bacteria and

the role of extracellular toxins in the pathogenesis

of severe soft tissue infection caused by Streptococcus
pyogenes, Clostridium perfringens and methicillin-resistant

Staphylococcus aureus. His current research investigates

the mechanisms of toxin-induced shock and organ dys-

function, and the effects of toxins on endothelial cells,

granulocytes and platelets. Dr Stevens is also studying

the importance of the mechanisms of action of antibiotics

in treating gram-positive infections.

Dr Stevens has published over 150 original research

papers, 60 book chapters, 110 abstracts and two books,

Streptococcal Infections: Clinical Aspects, Microbiology and
Molecular Pathogenesis (co-authored with Dr Edward

Kaplan) and An Atlas of Infectious Diseases: Skin and Soft
Tissue, Bone and Joint Infections.

Dr Stevens is a member of the American Society of

Microbiology, a Fellow in the American College of

Physicians, a Fellow in the Infectious Disease Society

of America and a member of the Association of American

Physicians. In 2000, Dr Stevens received the Infectious

Disease Society of America’s Society Citation Award,

and The William Altemier Award from the Surgical

Infectious Disease Society in 2001. He has served as a

consultant for the CDC Working Group on Invasive Group

A streptococcal infections, and for the WHO and NIH on

similar matters. Dr Stevens is currently Chairman of

the Infectious Disease Society of America’s Guidelines

Committee on Skin and Soft Tissue Infections.
 this article is prohibited.
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Adverse events following immun
ization: perception and evidence
Jan Bonhoeffer and Ulrich Heininger
Purpose of review

The aim of this article is to highlight the evidence on new

and ongoing vaccine safety concerns in the light of several

vaccines recently licensed and others made available and

recommended more widely.

Recent findings

There is increasingly convincing epidemiologic and

laboratory evidence against a causal relation of several

alleged adverse events following immunization. The

scientific framework to detect and investigate adverse

events following immunization is increasingly robust.

Summary

Currently available vaccines are safe in immunocompetent

individuals and there is no evidence to deviate from current

immunization schedules.
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Introduction
Immunization safety is a real concern because all vaccines

may cause side effects. Both healthcare workers and

patients need reminding that immunization is an

induced, controlled stimulus to the immune system, so

some adverse reactions can be expected. Most reactions,

however, are transient and mild. Immunization safety

concerns have existed since the day of the first available

vaccine. Since the introduction of Jenner’s cowpox

vaccine, however, the benefits of saving children from

tragic outcomes of common diseases outweighed the risks

of perceived adverse events following immunization

(AEFIs).

Immunization safety concerns are different from con-

cerns about other medical interventions, because they

are administered to generally healthy individuals and the

tolerance of AEFIs is substantially lower compared to

adverse events following medication for an existing ill-

ness. As successful vaccination programs span several

generations over time, no doctor, nurse or parent may

have ever seen the prevented diseases. It will be an

increasing challenge to communicate the benefits of

immunization in the apparent absence of disease and

the presence of AEFIs, even if mild.

Also, safety concerns are increasing as the success of

immunization systems increases. With a decreasing inci-

dence of disease, public attention shifts towards AEFIs.

It is then only a matter of time until a concern will be

raised and publicized, public confidence might be lost,

immunization rates will then decrease and a resurgence

of disease is likely to follow. Therefore, maintaining the

success of immunization programs critically relies on

public confidence, which is based on public perception.

Public perception depends on the quality of information

provided. Information about the safety of immunizations

needs to be placed on the most rigorous scientific basis

possible, because concerns may lead to withdrawal of the

product from the market, modification of the pertinent

recommendations, or loss of public confidence.

Immunization safety concerns often follow a recognizable

pattern: the alleged AEFI is a prevalent medical entity of

increasing prevalence or unknown cause; the AEFI is

suggested to be caused by immunization by some inves-

tigators; the methodology of the ‘index study’ (and sub-

sequent studies by the same study group) is inadequate

(typically poorly or not controlled case series); public

communication is made prematurely, resonating with
orized reproduction of this article is prohibited.
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Table 1 Adverse events following immunization for which

current scientific evidence does not support the hypothesis

of a causal relation with immunization

AEFI Alleged vaccine

Atopic disease Several
Autism Measles–mumps–rubella
Crohn’s disease Measles–mumps–rubella
Chronic arthritis Rubella
Insulin-dependent

diabetes mellitus
Haemophilus influenzae b,

hepatitis B
Intussusception Rotavirus (current products)
Encephalopathy Pertussis, measles
Ethyl mercury toxicity Several
Guillain–Barré syndrome Influenza (current), meningococcal
Macrophagic myofasciitis Aluminum adjuvant
Multiple sclerosis Hepatitis B
Squalene toxicity Influenza, Anthrax
Sudden infant death syndrome Several

AEFI, adverse events following immunization.
individuals suffering from the medical entity, but under-

estimating the potential of harming those who could

be protected by the vaccine; the results of the ‘index

study’ are not reproducible by other study groups;

regaining public confidence is a slow process over several

years.

The aim of this article is to highlight recent evidence

on immunization safety concerns related to currently

licensed vaccines.

Definition of term and concept
The lack of a common language and clear understanding

of what AEFIs are is at the heart of generating and

spreading myth. AEFIs are potentially harmful and unin-

tended medical incidents taking place after immuniz-

ation. Hence, they are temporally associated with, but not

necessarily the result of, administration of a vaccine.

Although a temporal association is a necessary condition,

it is insufficient to establish a causal relation. Even a

biologically plausible temporal association is not suffi-

cient to assume a causal relation. In fact, assumed bio-

logical plausibility has often been misleading and thus

provided a more sophisticated variant of the post hoc ergo
propter hoc fallacy. The term ‘adverse reaction’ or ‘side

effect’ should only be used if a causal relation between an

AEFI and immunization has been established based on

the appropriate Hill’s criteria (e.g. consistency, strength

of association, specificity, temporality, biological plausi-

bility) [1,2].

Adverse events following immunization
Table 1 outlines typical AEFIs for which current scien-

tific evidence does not support the hypothesis of a causal

relation. Table 2 outlines typical AEFIs for which there is

limited scientific evidence indicating a causal relation

with immunization. Allocation to either group has not

changed for any of the AEFIs during the last few years.

Atopic disease

Based on the ‘hygiene hypothesis’ some infectious dis-

eases are claimed to protect from atopic disease, because

microbial pressure leads to a reduction in Th2 responses

in favor of Th1 responses [3�,4�]. The claim is that

vaccines reduce microbial pressure and thus have
opyright © Lippincott Williams & Wilkins. Unautho

Table 2 Adverse events following immunization for which there is s

relation with immunization

AEFI Vaccine

Anaphylaxis Measles–mumps–rubella (gelatine)
Extensive limb swelling Diphtheria–tetanus–acellular pertussis (b
Intussusception Rotavirus (recombinant Rhesus)
Meningitis Mumps (Urabe, Leningrad–Zagreb)
Oculo-respiratory syndrome Influenza
Paralysis Oral polio vaccine
Thrombocytopenia Measles–mumps–rubella

AEFI, adverse events following immunization.
contributed to the increasing incidence of atopic disease.

This is probably not the case, however, because the

driving force of microbial pressure in early life is colon-

ization of the gastrointestinal tract, which is unchanged by

immunization; in infancy and childhood, microbial pres-

sure is driven by common organisms which are not (yet)

widely prevented by vaccines (e.g., rotaviruses, influenza,

rhinoviruses, adenoviruses, and enteroviruses); changes

in the prevalence of atopic disease were not associated

with changes in immunization schedules; potential IgE

synthesis is vaccine-specific and does not expand to

environmental antigens associated with atopic disease

[5,6]. A recent study on more than half a million children

challenged the hygiene hypothesis and concluded that

atopic constitution is associated with increased suscepti-

bility to acute infections and protection by immunization

might be particularly warranted [7��].

Recent data from an observational cohort study with

secondary record linkage including 8443 Australian chil-

dren underlines this evidence. This study has shown

positive associations between diphtheria immunization

and asthma [odds ratio (OR) 1.3, 95% confidence interval

(CI) 1.1–1.7] and between diphtheria, tetanus, pertussis

(DTP) and polio immunization and excema and food

allergies with OR between 1.4 and 1.5 and 95% CI
rized reproduction of this article is prohibited.

ome scientific evidence in support of the hypothesis of a causal

Pathogenesis

Coombs type 1
ooster doses) Unknown (sensitization of Langerhans cells?)

Unknown
Unknown (insufficient attenuation of live virus?)
Unknown (virion aggregates?)
Reversion of live attenuated virus to pathogenicity
Unknown (cross-reacting antibodies?)
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between 0.99 and 2.1 at 7 years of age [8�]. Associations

were age dependent, however, with a considerable inter-

val to immunizations, included selected antigens and

isolated symptoms of the atopic spectrum, and were weak

considering the methodological limitations of the study.

Therefore, this study does not suggest that atopic disease

is causally related to DTP or polio immunization.

A recent Dutch study on 1875 children investigated

the relative risk of atopic disorders at 8–12 years of

age following DTP, DTP-polio (inactivated, IPV) and

Haemophilus influenzae type b immunization and lacked

evidence for a causal relation (OR 1.00; CI 95% 0.80–

1.24) [9�,10�].

An increased risk of asthma or reactive airway disease

following live attenuated influenza vaccine (LAIV) was

suggested for children aged 18–35 months, leading to

the restricted licensure of the vaccine to children above

5 years [11]. Another recent large study, however, includ-

ing 11 000 children (aged 18 months to 18 years) receiving

almost 20 000 doses of vaccine during four seasons

suggested the absence of an association comparing the

pre-vaccination and post-vaccination periods [12]. Pass-

ive surveillance data on the first two seasons after licen-

sure comprising administration of 2.5 million doses

confirm the excellent safety profile of LAIV [13].

Autism

An association between measles, mumps and rubella

(MMR) immunization and inflammatory bowel disease

and autism was claimed in the late 1990s [14,15]. These

studies were not scientifically stringent and had serious

methodological limitations.

A recent Canadian study [16��] added to the evidence

against an association between pervasive developmental

disorder (including autism) and the exposure to MMR.

The same study failed to show an association between

ethyl-mercury (thiomersal), a preservative in some

vaccines, and neurobehavioural disorders. For three birth

cohorts included in the study, autism was increasing

with decreasing thiomersal exposure. The highest rates

of pervasive developmental disorder were observed in

children with no vaccine-related thiomersal exposure.

This is in line with previous studies demonstrating

that diagnosis of autism spectrum disease continued to

increase while MMR uptake was decreased or discon-

tinued [17–20].

Two independent studies in Canada and the United

Kingdom involving a total of 69 children with autism

spectrum disorder did not detect a single copy of the

measles genome in peripheral blood leukocytes of cases

and controls by highly sensitive PCR [21��,22��]. These

studies also elegantly highlighted technical and meth-
opyright © Lippincott Williams & Wilkins. Unauth
odological errors and flaws of previous studies and thus

refuted the hypothesis that persistence of measles

nucleic acid is associated with an increased risk of devel-

oping autism [23–25].

Encephalopathy

Encephalopathy was an alleged AEFI, most prominently

following whole cell pertussis and measles vaccine. A

recent case–control study, however, including 452 cases

(57 immunized) added to the evidence against a causal

association. Odds ratios for any time window following

immunization were smaller than 1.2 with wide confi-

dence intervals spanning 1 and P values over 0.05

[26�]. The background to another recent study is the

increasing recognition of severe myoclonic epilepsy as an

epileptic syndrome in infancy. It appears to be associated

with mutations in the SCN1A gene, coding for a neuronal

sodium channel subunit. This study has shown SCN1A
mutations in 11 of 14 patients with encephalopathy

following immunization, suggesting a genetically deter-

mined epileptic encephalopathy presenting coinciden-

tally or triggered rather than caused by immunization

[27��].

Multiple sclerosis

A causal association between multiple sclerosis (MS) and

hepatitis B vaccine was suggested by several case reports

during the French immunization campaign [28].

Increased reporting to the national surveillance system

following publication of the first concern augmented

public misconception. Many subsequent epidemiological

studies showed no association. In 2004, a case–control

study in the UK claimed evidence in support of an

association [29]. This study, however, suffered from a

number of methodological problems, undermining the

validity of the conclusions. The attempt to reproduce

these results failed in a larger study using a large linked

database in the US [30–32]. In 2006, Hernan and Jick [33]

concurred that there is no conclusive evidence for a causal

relation to date.

Piaggio et al. [34] investigated T-cell responses to

hepatitis B surface antigen among subjects vaccinated

with hepatitis B virus and did not detect a difference

between responses in healthy subjects and those with

MS. Ozakbas et al. [35�] could not demonstrate differ-

ences in human leukocyte antigen haplotypes between

immunized and nonimmunized MS patients. The sample

size of this study was small (n¼ 11 immunized, 71 non-

immunized MS patients, 20 healthy volunteers) and

the method of selection and allocation was not fully

transparent. The general approach, however, aiming to

achieve immunological insight into the pathophysiology

of MS and its relation to infection (e.g. cross reac-

tive antibodies with neuronal tissues) might be worth

pursuing.
orized reproduction of this article is prohibited.
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Guillain-Barré syndrome

Thirty years ago, an increased frequency of Guillain-

Barré syndrome (GBS) was observed following a swine

influenza vaccine [36]. Different influenza vaccines have

been used ever since, and no increased risk of GBS could

be associated with any of them. One study during the

1992–94 seasons, however, demonstrated a relative risk

of 1.7 (CI 1.0–2.8; P¼ 0.04) within 6 weeks following

immunization and a peak at 2 weeks, suggesting a poten-

tially increased risks of less than one additional case of

GBS per 1 million persons vaccinated [37]. Ever since

then the reporting rate of GBS had remained stable while

the number of doses administered has increased dispro-

portionately, rendering a causal relation in a defined

subpopulation unlikely.

During introduction of the tetravalent conjugated menin-

gococcal vaccine (MCV4) in the US, several cases of GBS

were identified to be temporally associated with immun-

ization by the national passive surveillance system.

Fifteen cases of GBS within 6 weeks of immunization

related to a reporting rate of 0.2 per 100 000 person–

months. The corresponding background rate of GBS

derived from two large linked healthcare databases was

0.1 per 100 000. The reporting rate ratio for GBS follow-

ing MCV4 was 1.77 (95% CI 0.96–3.07). Hence there

appears to be no significant increased risk of GBS follow-

ing MCV4 [38�].

A recent study in the United Kingdom involving 228

cases of GBS of which seven cases (3%) presented

within 42 days following immunization could not

demonstrate an increased risk of GBS following any

immunization with a relative risk of 1.03 (95% CI

0.48–2.18) [39�].

Macrophagic myofasciitis

During a hepatitis B vaccine campaign in France the

presence of aluminum deposits after vaccination was

noted in patients biopsied at the site of injection for

suspected systemic inflammatory muscular disease [40].

The entity was termed macrophagic myofasciitis and a

causal relation with the vaccine was hypothesized. While

this study described a focal histological phenomenon,

there is no evidence for macrophagic myofasciitis to be a

specific systemic disease [41]. It remains to be elucidated

why aluminum salts persists in a small number of

vacinees and whether there is an association between

the focal microscopic finding and otherwise unspecific

generalized weakness. Now that infant immunization

schedules increasingly include hepatitis B vaccine immun-

ization, reports in this population increase [42]. Case

reports, however, are not helpful to go beyond the stage

of speculation. Hence, there remains a lack of evidence

for an inappropriate immune reaction and for a causal

relation to immunization.
opyright © Lippincott Williams & Wilkins. Unautho
Extensive limb swelling

Swelling at the injection site extending to the adjacent

joints was observed following acellular pertussis vaccine,

particularly after the fourth and fifth doses. A dose

dependency could be shown in a large trial including

20 000 subjects aged 15–27 months receiving nine differ-

ent formulations [43�].

Sensitization by Langerhans cells and subcutaneous

injection was also hypothesized. A reduction of local

reactions by using a longer (25 mm) needle was observed

in a recent study of 696 children receiving diphtheria–

tetanus–whole cell pertussis, Haemophilus influenzae type

b and a serogroup C meningococcal conjugate vaccine

[44��]. It would be interesting to determine whether a

correlation with needle size can be observed for extensive

limb swelling, as the main site of the reaction appears to

be the subcutaneous tissue [45�,46�].

Anaphylaxis

Anaphylaxis is a rare but well recognized AEFI with

allergic sensitization occurring to a given vaccine’s

immunogens or excipients (e.g., preservatives, antibiotics

and adjuvants). The incidence of anaphylaxis following

any vaccine is estimated to be less than one case per

1 million doses [47–49].

There is no evidence that egg allergy and MMR vaccine

are associated. Viruses are not cultivated on eggs but

chick embryo cell cultures. Hence, egg allergy does not

prevent or warrant delayed immunization. Because

anaphylaxis is exquisitely rare in children with known

allergic predisposition, more often occurs in children

not allergic to eggs, there is no reliable predictor of

anaphylaxis as an AEFI, community-based MMR immu-

nization has repeatedly been shown to be safe, and every

physician should be able to respond to allergic reactions

to any administered substances including vaccines, com-

munity based immunization of children with egg allergy

is widely recommended and increasingly encouraged

[50,51]. It is hypothesized, however, that allergic pre-

dispositions to any of the excipients including gelatin

or neomycin may be involved in the development of

anaphylaxis as an AEFI [48,52�].

Oculo-respiratory syndrome

Oculo-respiratory syndrome (ORS) was first reported in

Canada in 2000 and is a clinical entity consisting of

various combinations of red eyes, facial swelling, respir-

atory symptoms and fever [53]. The initial reporting rate

was about 10 per 100 000 doses of influenza vaccine.

Particularly affected was the age group 40–60 years,

females, first time recipients, and those with an allergic

predisposition [54]. Recurrence of ORS following revac-

cination was observed. Symptoms were generally milder,

however, despite their increased number [55–58].
rized reproduction of this article is prohibited.
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ORS was primarily associated with a single manufac-

turer’s inactivated trivalent split-virus influenza vaccine.

Electron microscopy found a disproportionate number of

virion aggregates in the Canadian vaccine used during the

2000–2001 season [59]. A change in the manufacturing

process resulted in a reduced number of large virion

aggregates. A reduction of reports to one per 100 000 doses

was observed [53]. Incidence rates were then similar to

other inactivated influenza vaccines [54,56]. In a prospec-

tive study including 690 immunized infants and toddlers

and their household contacts, no difference between

immunized and nonimmunized household members was

observed regarding symptoms of ORS [60�].

In retrospect, it appears that ORS might not be a new

AEFI specific to a single vaccine, but was detected as a

passive surveillance signal during the 2000/2001 season,

subsequently augmented by increased reporting [61].

With the aim to differentiate rather mild and unspecific

symptoms, occurring frequently in exposed and unex-

posed individuals during the winter season, from those

rare cases requiring medical attention to the degree that

influenza might elicit, a more stringent case definition

might be useful to guide further investigations at this stage.

Bell’s palsy

An increased risk of Bell’s palsy was observed following

a novel nasal influenza vaccine during the 2003/2004

season in Switzerland with an OR of 84.0 (95% CI

20–352), a relative risk almost 20 times that of controls

and 13 excess cases per 10 000 vaccinees [62]. It was

hypothesized that the adjuvant, a heat-labile enterotoxin

of Escherichia coli, could have been the causal agent. As a

consequence the vaccine was withdrawn. Concern about

an increased risk of Bell’s palsy following different influ-

enza vaccines was then raised by passive reporting data

from the United States and the United Kingdom [63�,64].

A recent self-controlled case-series using a large linked

database in the United Kingdom, however, rejected the

hypothesis for both parenteral influenza and pneumococ-

cal vaccines with a relative incidence estimate of 0.92

(95% CI 0.78–1.08) [63�].

Immune overload

The notion that immunization poses a burden to the

immune system in early life is still a widespread belief

[65�,66�,67,68]. The most prevalent aspects of this

variably interpreted term are discussed here.

First, the capacity to respond to simultaneous stimuli

depends on the general ‘fitness’ of the immune system.

The immune system of a healthy vaccinee has the

estimated capacity to react to over 109 antigens

simultaneously [69]. The number of antigens presented

to an individual in the frame of immunization is 6–8 logs
opyright © Lippincott Williams & Wilkins. Unauth
less. Infants are estimated to be able to cope with 10 000

theoretical vaccines of 100 antigens with 10 epitopes each

[68]. Children with febrile illness at the time of immun-

ization have been shown to mount immune responses

similar to healthy individuals, indicating that reaction to

administered antigens does not limit the immune sys-

tems reactions. Data on the reactogenicity of immuniz-

ations in patients with acquired immune deficiency,

however, are limited. In view of the globally increasing

burden of HIV, optimal prelicensure and enhanced

postlicensure surveillance are necessary.

Second, there is insufficient evidence supporting the

concern that vaccines would weaken or otherwise harm

the immune system. Immunogenicity of combination

vaccines generally is not inferior to separate adminis-

tration [70,71�,72�,73,74�]. Some studies even observed a

cross-protective effect against infectious diseases not

targeted by a given vaccine and hypothesized that the

simultaneous presentation of multiple antigens might

unspecifically stimulate the immune system resulting

in increased ‘immunological fitness’ rather than comprom-

ising it [75]. There is a need for optimized communi-

cation of these findings by healthcare providers [65�,66�].

Intussusception

The first oral rotavirus vaccine, previously licensed in the

US (Rotashield; Wyeth, Marietta, Pennsylvania, USA),

was a tetravalent rhesus-human reassortant rotavirus

vaccine, highly effective in preventing severe rotavirus

gastroenteritis. Nine months after licensure, however, the

vaccine was withdrawn due to concerns about an

increased risk of intussusception [76,77�]. In subsequent

clinical trials, it was estimated to be between one in

10 000 and one in 30 000 vaccine recipients in industri-

alized countries. The withdrawal of Rotashield in the USA

had a global effect and remains an issue of controversy in

view of the global burden of rotavirus disease: since the

date of withdrawal several million children’s lives could

have been saved, if the vaccine was still available, particu-

larly in developing countries where mortality is high. The

Rotashield incident has emphasized the value for post-

licensure surveillance of the highest standards available

and highlighted the challenges of weighing risks and

benefits of a vaccine for a given population with a global

perspective in mind.

Two novel rotavirus vaccines were recently developed.

A pentavalent human–bovine reassortant vaccine (WC3

strain) and a monovalent human rotavirus vaccine (HRV).

Both were shown to be safe in prelicensure studies specifi-

cally designed for optimized safety monitoring and includ-

ing a unprecedented sample size of over 60 000

infants [78�,79�]. The relative risk of intussusception

was 1.6 (95%CI 0.4–6.4) for WC3 and 0.85 (95%CI

0.3–2.4) for HRV. Both vaccines have been tested in
orized reproduction of this article is prohibited.
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the target age groups and in healthy individuals. Intussus-

ception, however, may occur later in life and safety in

immunocompromized patients has not been shown yet.

Thus, in countries introducing these vaccines, enhanced

postlicensure surveillance is being implemented to opti-

mize detection of potential rare AEFI including intus-

susception as well as the effects of vaccine virus shedding.

A globally coordinated safety assessment with standar-

dized methodology (including a uniform case definition

for intusssusception [80]) will be key for successful

monitoring. Safety and efficacy studies of oral rotavirus

vaccines in HIV positive infants are underway.

Sudden unexpected death

An association of sudden infant death syndrome (SIDS)

has been alleged and rejected following several vaccines.

On the contrary, a decreased risk was shown and hypothe-

sized to be due to the protection from infectious diseases

in early life [81–86].

Five reports of SIDS accumulated after licensure of

hexavalent vaccines by the European Medicines Agency

(EMEA). This led to analysis of immunization as a risk

factor in an ongoing case-controlled study of SIDS in

Germany [87��]. In this study, 129 SIDS victims were

included during the first 2 years after licensure of two

hexavalent vaccines. Twenty cases and 100 controls

received hexavalent vaccines. Mulivariate analysis

resulted in an OR of 0.77 (95%CI 0.26–2.24). Two infants

(five infants if adjusted for underreporting) died within

2 days after immunization. The expected number of

deaths (i.e., number of SIDS expected within 2 days

of any day of the year), however, was two resulting in

a standard mortality rate (SMR) of 2.38 (95% CI

0.77–5.55). Thus, the number of deaths was within the

95% CI.

Passive surveillance data 3 years following introduction of

the vaccine in Germany, also showed that SMRs did not

exceed expected rates in the first year of life. The SMR

for sudden unexpected death (SUD) within 1 day and

2 days following one vaccine administered in the second

year of life were 31.3 (95% CI 3.8–113.1; two cases

observed; 0.06 cases expected) and 23.5 (95% CI 4.8–

68.6; three cases observed; 0.13 cases expected). This was

considered a true signal and intensified surveillance for

SUD was recommended [88]. Further scientific discus-

sions related to the methodological challenges of case

ascertainment and study design reflect the complexity of

monitoring and evaluating associations between ill

defined syndromes of unknown cause and pathophysiol-

ogy and immunization.

Thrombocytopenia

Thrombocytopenia (platelet count below 150� 109/l) is

observed following several wild-type virus infections and
opyright © Lippincott Williams & Wilkins. Unautho
some immunizations. The pathophysiology, however,

remains to be elucidated. In an early elegant trial with

live measles vaccine, an asymptomatic decrease of the

platelet counts of more than 25� 109/l was observed in

86% of vaccinees. The decrease was observed after

several reexposures, indicating a causal relation. Clinical

manifestation of thrombocytopenia after immunization,

however, is rare. It appears to be most frequent following

MMR vaccine with an estimated hospitalization rate of

three per 100 000 immunized children [89,90�]. Clinical

presentation resembles acute idiopathic thrombocytope-

nia (ITP) of childhood, which in itself is an ill-defined

condition [91�]. The use of the term ITP appears to be a

misnomer in the context of AEFI assessment. The

observed event is thrombocytopenia, with or without

clinical manifestation. The cause of an idiopathic event

is unknown. Hence, exploring ITP as an AEFI invokes

petitio principii: a logical fallacy in which the proposition to

be proven is assumed implicitly or explicitly in one of

the premises.

Squalene

Squalene is an oil produced by plants, animals and in the

human skin. For over 10 years, it has also been licensed as

part of an adjuvant (MF59) in commercially available

influenza vaccines and various vaccines in development,

including prepandemic influenza vaccines. Millions of

doses have been administered and there was no signal in

any surveillance system. Yet, health problems of Gulf

War veterans have been claimed to be related to anti-

squalene antibodies as a consequence of exposure to

immunization against anthrax [92]. The initial allega-

tions were refuted, however, based on methodological

deficiencies of the study, the presence of such antibodies

independently of immunization status, and the absence

of squalene administration to veterans [93]. More recently

a controlled study on subunit influenza vaccine demon-

strated that antibody responses against squalene were

neither induced nor boosted by vaccination [94�].

Immunization safety organizations
Vaccine safety concerns generally follow a pattern of

sudden onset, rapid progression and prolonged recovery.

The beginning is often a case series (i.e. a number of

exposed subjects with a common outcome), which is

followed by broadcasting of the finding through multiple

channels. It is then the task of scientific investigations to

gradually increase the evidence base to confirm or reject

the hypothesis. Generating high quality information at

times where opinions are prevailing can be challenging.

Recommended resources aiming to provide information

based on the highest scientific standards are listed in

Table 3.

The Brighton Collaboration (website: www.brightoncol-

loaboration.org) is establishing globally standardized case
rized reproduction of this article is prohibited.
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Table 3 Vaccine safety organizations providing information

based on highest scientific standards

Organization Website

WHO www.who.int/immunization_safety
Institute for Vaccine Safety:

Johns Hopkins
www.vaccinesafety.edu

Health Protection Agency: UK www.hpa.org.uk
Center of Disease Control

and Prevention: USA
www.cdc.gov

The Brighton Collaboration www.brightoncollaboration.org
Immunization Action Coalition www.immunize.org
definitions for AEFIs and guidelines for collection,

analysis and presentation of vaccine safety data. This

will advance immunization safety by facilitating compari-

son of adverse events across trials and surveillance sys-

tems. An up-to-date list of available case definitions and

guidelines is posted on the collaboration’s website as they

become available. The use of Brighton Collaboration

definitions is also increasingly recommended by national

and international organizations including the WHO,

Food and Drug Administration (FDA), European Medi-

cines Agency (EMEA), Council for International Organ-

izations of Medical Sciences (CIOMS), and the American

Academy of Paediatrics (AAP).

Conclusion
Several new vaccines have recently been licensed and

introduced in national immunization programs (e.g., rota-

virus, influenza, human papilloma virus, pneumococcal,

meningococcal, and hexavalent vaccines). While high

quality epidemiological data are suggestive for or against

safety concerns, discussions around the methodological

quality of such data are needed to weigh statistical

significance. Strategies to promote the preferential

implementation of laboratory studies including immun-

ological and genetic testing to explore potential patho-

physiological mechanisms as early as possible in the

course of investigating a safety signal would be useful

to develop. Such studies would also allow sub-analyses of

affected patients aiming to identify confounders in epi-

demiological studies. While it is comforting to know that

most children will not experience adverse events follow-

ing immunizations, some do and we might learn from

analyzing such cases more closely rather then disregard-

ing them entirely as part of statistical background noise. It

is the study of these subgroups that will provide further

insight into specific and nonspecific reactions to immun-

ological stimuli in terms of safety and immunogenicity.

Safety data of recently licensed and more widely recom-

mended vaccines indicate that the observed AEFI are

mild and transient and do not outweigh their protective

benefits.

The association of Bell’s palsy and ORS with influenza

vaccines have raised concern about the challenging regu-
opyright © Lippincott Williams & Wilkins. Unauth
latory control of vaccines. This is particularly so for

vaccines, which are evaluated annually for modification

and potentially redesigned to optimize protection for the

expected circulating strains. Optimizing prelicensure

safety assessment and enhancing postlicensure surveil-

lance of influenza vaccines will be paramount for con-

tinued public confidence, particularly in view of outbreak

control of endemic or pandemic strains.

The scientific framework to detect and investigate

vaccine safety concerns, however, is increasingly robust

and the risk–benefit ratio for the individual and the

community is much in favor of widespread use of cur-

rently licensed vaccines.
References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:
� of special interest
�� of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (pp. 317–318).

1 Rothman KJ, Greenland S. Causation and causal inference in epidemiology.
Am J Public Health 2005; 95 (Suppl 1):S144–S150.

2 Folb PI, Bernatowska E, Chen R, et al. A global perspective on vaccine safety
and public health: the Global Advisory Committee on Vaccine Safety. Am J
Public Health 2004; 94:1926–1931.

3

�
Renz H, Blumer N, Virna S, et al. The immunological basis of the hygiene
hypothesis. Chem Immunol Allergy 2006; 91:30–48.

This review outlines immunoregulatory events potentially involved in the develop-
ment of allergic disorders in response to environmental triggers.

4

�
Bloomfield SF, Stanwell-Smith R, Crevel RW, Pickup J. Too clean, or not too
clean: the hygiene hypothesis and home hygiene. Clin Exp Allergy 2006;
36:402–425.

This is a comprehensive review on the evolution of the hygiene hypothesis and the
pertinent terminology.

5 Nilsson L, Kjellman NI, Bjorksten B. Allergic disease at the age of 7 years after
pertussis vaccination in infancy: results from the follow-up of a randomized
controlled trial of 3 vaccines. Arch Pediatr Adolesc Med 2003; 157:1184–
1189.

6 Anderson HR, Poloniecki JD, Strachan DP, et al. Immunization and symptoms
of atopic disease in children: results from the International Study of
Asthma and Allergies in Childhood. Am J Public Health 2001; 91:1126–
1129.

7

��
Paunio M, Peltola H, Virtanen M, et al. Acute infections, infection pressure, and
atopy. Clin Exp Allergy 2006; 36:634–639.

This large study challenged the hygiene hypothesis by showing that
atopic constitution is associated with increased susceptibility to acute infec-
tions. It also suggests that protection by immunization might be particularly
warranted.

8

�
Nakajima K, Dharmage SC, Carlin JB, et al. Is childhood immunisation
associated with atopic disease from age 7 to 32 years? Thorax 2006 Nov 7;
[Epub ahead of print].

This large study was unable to demonstrate a causal relation between DTP or polio
immunization and atopic disease.

9

�
Bernsen RM, Koes BW, de Jongste JC, van der Wouden JC. Haemophilus
influenzae type b vaccination and reported atopic disorders in 8–12-year-old
children. Pediatr Pulmonol 2006; 41:463–469.

This large study was unable to show an increased risk of atopic disorders at
8–12 years of age following DTP, DTP-polio (inactivated, IPV) and Haemophilus
influenzae type b immunization.

10

�
Bernsen RM, de Jongste JC, Koes BW, et al. Diphtheria tetanus pertussis
poliomyelitis vaccination and reported atopic disorders in 8–12-year-old
children. Vaccine 2006; 24:2035–2042.

This large study added to the evidence of absence of a relation between DTP-IPV
immunization and development of atopic disease.

11 Bergen R, Black S, Shinefield H, et al. Safety of cold-adapted live attenuated
influenza vaccine in a large cohort of children and adolescents. Pediatr Infect
Dis J 2004; 23:138–144.
orized reproduction of this article is prohibited.

http://www.who.int/immunization_safety
http://www.vaccinesafety.edu/
http://www.hpa.org.uk/
http://www.cdc.gov/
http://www.brightoncollaboration.org/
http://www.immunize.org/


C

244 Paediatric and neonatal infections
12 Piedra PA, Gaglani MJ, Riggs M, et al. Live attenuated influenza vaccine,
trivalent, is safe in healthy children 18 months to 4 years, 5 to 9 years, and 10
to 18 years of age in a community-based, nonrandomized, open-label trial.
Pediatrics 2005; 116:e397–e407.

13 Izurieta HS, Haber P, Wise RP, et al. Adverse events reported following live,
cold-adapted, intranasal influenza vaccine. JAMA 2005; 294:2720–2725.

14 Wakefield AJ, Murch SH, Anthony A, et al. Ileal-lymphoid-nodular hyperplasia,
nonspecific colitis, and pervasive developmental disorder in children. Lancet
1998; 351:637–641.

15 Wakefield AJ, Anthony A, Murch SH, et al. Enterocolitis in children with
developmental disorders. Am J Gastroenterol 2000; 95:2285–2295.

16

��
Fombonne E, Zakarian R, Bennett A, et al. Pervasive developmental disorders
in Montreal, Quebec, Canada: prevalence and links with immunizations.
Pediatrics 2006; 118:e1391–e1450.

This study of three birth cohorts provided further evidence, against an association
between MMR, ethyl-mercury (thiomersal) and pervasive developmental disorder
(including autism) as autism was increasing with decreasing MMR and thiomersal
exposure. The highest rates of pervasive developmental disorder were observed in
children with no vaccine related thiomersal exposure.

17 Honda H, Shimizu Y, Rutter M. No effect of MMR withdrawal on the incidence
of autism: a total population study. J Child Psychol Psychiatry 2005; 46:572–
579.

18 Dales L, Hammer SJ, Smith NJ. Time trends in autism and in MMR immuniza-
tion coverage in California. JAMA 2001; 285:1183–1185.

19 Taylor B, Miller E, Farrington CP, et al. Autism and measles, mumps, and
rubella vaccine: no epidemiological evidence for a causal association. Lancet
1999; 353:2026–2069.

20 Chen W, Landau S, Sham P, Fombonne E. No evidence for links between
autism, MMR and measles virus. Psychol Med 2004; 34:543–553.

21

��
D’Souza Y, Fombonne E, Ward BJ. No evidence of persisting measles virus in
peripheral blood mononuclear cells from children with autism spectrum
disorder. Pediatrics 2006; 118:1664–1675.

This exquisite study uncovered methodological flaws of previous work and refuted
the hypothesis of persistence of measles virus in children with autism.

22

��
Afzal MA, Ozoemena LC, O’Hare A, et al. Absence of detectable measles virus
genome sequence in blood of autistic children who have had their MMR
vaccination during the routine childhood immunization schedule of UK. J Med
Virol 2006; 78:623–630.

This elegant study added microbiological evidence to the rising tide of studies
refuting a causal relation between MMR immunization and autism. It could not
demonstrate persistence of measles virus in autistic children with development
regression.

23 Martin CM, Uhlmann V, Killalea A, et al. Detection of measles virus in children
with ileo-colonic lymphoid nodular hyperplasia, enterocolitis and develop-
mental disorder. Mol Psychiatry 2002; 7 (Suppl 2):S47–S48.

24 Kawashima H, Mori T, Kashiwagi Y, et al. Detection and sequencing of
measles virus from peripheral mononuclear cells from patients with inflam-
matory bowel disease and autism. Dig Dis Sci 2000; 45:723–729.

25 Uhlmann V, Martin CM, Sheils O, et al. Potential viral pathogenic mechanism
for new variant inflammatory bowel disease. Mol Pathol 2002; 55:84–90.

26

�
Ray P, Hayward J, Michelson D, et al. Encephalopathy after whole-cell
pertussis or measles vaccination: lack of evidence for a causal association
in a retrospective case-control study. Pediatr Infect Dis J 2006; 25:768–773.

This large case–control study showed no increased relative risk of encephalo-
pathy after vaccination with diphtheria–tetanus–pertussis (DTP) or measles–
mumps–rubella (MMR) vaccines.

27

��
Berkovic SF, Harkin L, McMahon JM, et al. De-novo mutations of the sodium
channel gene SCN1A in alleged vaccine encephalopathy: a retrospective
study. Lancet Neurol 2006; 5:488–492.

This outstanding case series suggests that severe myoclonic epilepsy of infancy
(SMEI) due to preexisting mutations in the SCN1A gene represents a considerable
part of alleged vaccine encephalopathy.

28 Fourrier A, Begaud B, Alperovitch A, et al. Hepatitis B vaccine and first
episodes of central nervous system demyelinating disorders: a comparison
between reported and expected number of cases. Br J Clin Pharmacol 2001;
51:489–490.

29 Hernan MA, Jick SS, Olek MJ, Jick H. Recombinant hepatitis B vaccine and
the risk of multiple sclerosis: a prospective study. Neurology 2004; 63:838–
842.

30 DeStefano F, Weintraub ES, Chen RT. Recombinant hepatitis B vaccine
and the risk of multiple sclerosis: a prospective study. Neurology 2005;
64:1317.

31 DeStefano F, Verstraeten T, Jackson LA, et al. Vaccinations and risk of central
nervous system demyelinating diseases in adults. Arch Neurol 2003; 60:
504–509.
opyright © Lippincott Williams & Wilkins. Unautho
32 DeStefano F, Weintraub ES, Chen RT. Determining risk of multiple sclerosis
after hepatitis B vaccine: time since vaccination and source of data. Pharma-
coepidemiol Drug Saf 2004; 13 (Suppl 1):S143.

33 Hernan MA, Jick SS. Hepatitis B vaccination and multiple sclerosis: the jury is
still out. Pharmacoepidemiol Drug Saf 2006; 15:653–655.

34 Piaggio E, Ben Younes A, Desbois S, et al. Hepatitis B vaccination and central
nervous system demyelination: an immunological approach. J Autoimmun
2005; 24:33–37.

35

�
Ozakbas S, Idiman E, Yulug B, et al. Development of multiple sclerosis after
vaccination against hepatitis B: a study based on human leucocyte antigen
haplotypes. Tissue Antigens 2006; 68:235–238.

This was one of the few studies exploring pathophysiologic mechanisms under-
lying a hypothesized causal relation between hepatitis B immunization and multiple
sclerosis: no differences in HLA haplotypes.

36 Safranek TJ, Lawrence DN, Kurland LT, et al. Reassessment of the association
between Guillain-Barre syndrome and receipt of swine influenza vaccine in
1976–1977: results of a two-state study. Expert Neurology Group. Am J
Epidemiol 1991; 133:940–951.

37 Lasky T, Terracciano GJ, Magder L, et al. The Guillain-Barre syndrome and the
1992–1993 and 1993–1994 influenza vaccines. N Engl J Med 1998; 339:
1797–1802.

38

�
Centers for Disease Control and Prevention. Update: Guillain-Barre syndrome
among recipients of Menactra meningococcal conjugate vaccine–United
States, June 2005-September 2006. MMWR Morb Mortal Wkly Rep
2006; 55:1120–1124.

This is a comprehensive update on the association between Guillain–Barre
syndrome (GBS) and a meningococcal conjugate vaccine (MCV4) concluding
that current routine immunization should continue.

39

�
Hughes RA, Charlton J, Latinovic R, Gulliford MC. No association between
immunization and Guillain-Barre syndrome in the United Kingdom, 1992 to
2000. Arch Intern Med 2006; 166:1301–1304.

This study suggested no increased risk of GBS following any vaccine.

40 Gherardi RK, Coquet M, Cherin P, et al. Macrophagic myofasciitis lesions
assess long-term persistence of vaccine-derived aluminium hydroxide in
muscle. Brain 2001; 124:1821–1831.

41 Nevo Y, Kutai M, Jossiphov J, et al. Childhood macrophagic myofasciitis-
consanguinity and clinicopathological features. Neuromuscul Disord 2004;
14:246–252.

42 Rivas E, Gomez-Arnaiz M, Ricoy JR, et al. Macrophagic myofasciitis
in childhood: a controversial entity. Pediatr Neurol 2005; 33:350–
356.

43

�
Knuf M, Habermehl P, Faber J, et al. Assessment of nine candidate DTP-
vaccines with reduced amount of antigen and/or without adjuvant as a
fourth (booster-) dose in the second year of life. Vaccine 2006; 24:5627–
5636.

This large study suggested that a reduction of antigen dose correlates with
reduced reactogenicity and that entire thigh swelling is most frequently observed
in aluminum-free vaccines.

44

��
Diggle L, Deeks JJ, Pollard AJ. Effect of needle size on immunogenicity and
reactogenicity of vaccines in infants: randomised controlled trial. BMJ 2006;
333:563–564.

This large study demonstrated that long (25 mm) needles significantly
reduce vaccine reactogenicity of infant immunisations compared to (16 mm)
needles.

45

�
Marshall HS, Gold MS, Gent R, et al. Ultrasound examination of extensive limb
swelling reactions after diphtheria-tetanus-acellular pertussis or reduced-
antigen content diphtheria-tetanus-acellular pertussis immunization in pre-
school-aged children. Pediatrics 2006; 118:1501–1509.

This study furthered the understanding of extensive limb swelling by documenting
the localization of the swelling primarily in the subcutaneous tissue.

46

�
Sekaran NK, Edwards KM. Extensive swelling reaction associated with
diphtheria and tetanus toxoids and acellular pertussis vaccine. Pediatr Infect
Dis J 2006; 25:374–375.

This case report highlights the primarily subcutaneous localization of extensive
swelling reactions by computed tomography.

47 Bohlke K, Davis RL, Marcy SM, et al. Risk of anaphylaxis after vaccination of
children and adolescents. Pediatrics 2003; 112:815–820.

48 Patja A, Davidkin I, Kurki T, et al. Serious adverse events after measles-
mumps-rubella vaccination during a fourteen-year prospective follow-up.
Pediatr Infect Dis J 2000; 19:1127–1234.

49 Pool V, Braun MM, Kelso JM, et al. Prevalence of antigelatin IgE antibodies in
people with anaphylaxis after measles-mumps rubella vaccine in the United
States. Pediatrics 2002; 110:e71.

50 Khakoo GA, Lack G. Recommendations for using MMR vaccine in children
allergic to eggs. BMJ 2000; 320:929–932.
rized reproduction of this article is prohibited.



C

Adverse events following immunization Bonhoeffer and Heininger 245
51 Goodyear-Smith F, Wong F, Petousis-Harris H, et al. Follow-up of MMR
vaccination status in children referred to a pediatric immunization clinic on
account of egg allergy. Hum Vaccin 2005; 1:118–122.

52

�
Kamin W, Staubach P, Klar-Hlawatsch B, et al. Anaphylaxis after vacci-
nation due to hypersensitivity to gelatin. Klin Padiatr 2006; 218:92–
94.

This well investigated case highlights that MMR immunization is among the medical
products potentially triggering gelatin hypersensitivity.

53 Boulianne N, De Serres G, Duval B, et al. Oculo-respiratory syndrome
following influenza vaccination: review of postmarketing surveillance through
four influenza seasons in Canada. Can Commun Dis Rep 2005; 31:217–
225.

54 Scheifele DW, Duval B, Russell ML, et al. Ocular and respiratory symptoms
attributable to inactivated split influenza vaccine: evidence from a controlled
trial involving adults. Clin Infect Dis 2003; 36:850–857.

55 Grenier JL, Toth E, De Serres G, et al. Safety of revaccination of patients
affected by the oculo-respiratory syndrome (ORS) following influenza vacci-
nation. Can Commun Dis Rep 2004; 30:9–16.

56 De Serres G, Boulianne N, Duval B, et al. Oculo-respiratory syndrome
following influenza vaccination: evidence for occurrence with more than
one influenza vaccine. Vaccine 2003; 21:2346–2353.

57 Skowronski DM, Strauss B, Kendall P, et al. Low risk of recurrence of
oculorespiratory syndrome following influenza revaccination. CMAJ 2002;
167:853–858.

58 Skowronski DM, De Serres G, Scheifele D, et al. Randomized, double-blind,
placebo-controlled trial to assess the rate of recurrence of oculorespiratory
syndrome following influenza vaccination among persons previously affected.
Clin Infect Dis 2003; 37:1059–1066.

59 Choudhri Y, Walop W. Influenza vaccine-associated adverse events: results
of passive surveillance, Canada 2001–2002. Can Commun Dis Rep 2002;
28:189–196.

60

�
Skowronski DM, Jacobsen K, Daigneault J, et al. Solicited adverse events after
influenza immunization among infants, toddlers, and their household contacts.
Pediatrics 2006; 117:1963–1971.

This study demonstrated that influenza immunization of infants and toddlers and
their household members is well tolerated.

61 Spila-Alegiani S, Salmaso S, Rota MC, et al. Reactogenicity in the elderly of
nine commercial influenza vaccines: results from the Italian SVEVA study.
Study for the evaluation of adverse events of influenza vaccination. Vaccine
1999; 17:1898–1904.

62 Mutsch M, Zhou W, Rhodes P, et al. Use of the inactivated intranasal influenza
vaccine and the risk of Bell’s palsy in Switzerland. N Engl J Med 2004;
350:896–903.

63

�
Stowe J, Andrews N, Wise L, Miller E. Bell’s palsy and parenteral inactivated
influenza vaccine. Hum Vaccin 2006; 2:110–112.

This study added to the evidence that currently licensed influenza vaccines are not
associated with an increased risk of Bell’s palsy.

64 Zhou W, Pool V, DeStefano F, et al. A potential signal of Bell’s palsy after
parenteral inactivated influenza vaccines: reports to the Vaccine Adverse
Event Reporting System (VAERS)–United States, 1991–2001. Pharmaco-
epidemiol Drug Saf 2004; 13:505–510.

65

�
Heininger U. An internet-based survey on parental attitudes towards immun-
ization. Vaccine 2006; 24:6351–6355.

This study highlighted that misconceptions such as immune overload are still
widespread and that intensified public reassurance is needed.

66

�
Hilton S, Petticrew M, Hunt K. Combined vaccines are like a sudden
onslaught to the body’s immune system: parental concerns about
vaccine ‘overload’ and ‘immune-vulnerability’. Vaccine 2006; 24:4321–
4327.

This study highlighted the need to more effectively communicate the evi-
dence against overwhelming the immune system of infants by currently licensed
vaccines.

67 Gregson AL, Edelman R. Does antigenic overload exist? The role of
multiple immunizations in infants. Immunol Allergy Clin North Am 2003;
23:649–664.

68 Offit PA, Quarles J, Gerber MA, et al. Addressing parents’ concerns: do
multiple vaccines overwhelm or weaken the infant’s immune system? Pedia-
trics 2002; 109:124–129.

69 Cohn M, Langman RE. The protection: the unit of humoral immunity selected
by evolution. Immunol Rev 1990; 115:11–147.

70 Shinefield HR, Black SB, Staehle BO, et al. Safety, tolerability and immuno-
genicity of concomitant injections in separate locations of M-M-R II, VARIVAX
and TETRAMUNE in healthy children vs. concomitant injections of M-M-R II
and TETRAMUNE followed six weeks later by VARIVAX. Pediatr Infect Dis J
1998; 17:980–985.
opyright © Lippincott Williams & Wilkins. Unauth
71

�
Heininger U, Sanger R, Jacquet JM, Schuerman L. Booster immuniz-
ation with a hexavalent diphtheria, tetanus, acellular pertussis, hepatitis B,
inactivated poliovirus vaccine and Haemophilus influenzae type b
conjugate combination vaccine in the second year of life: Safety, immun-
ogenicity and persistence of antibody responses. Vaccine 2007; 25:1055–
1063.

This study added to the evidence that this hexavalent vaccine does not weaken or
harm the immune system.

72

�
Tejedor JC, Moro M, Ruiz-Contreras J, et al. Immunogenicity and reacto-
genicity of primary immunization with a hexavalent diphtheria-tetanus-
acellular pertussis-hepatitis B-inactivated polio-Haemophilus influenzae
type B vaccine coadministered with two doses of a meningococcal
C-tetanus toxoid conjugate vaccine. Pediatr Infect Dis J 2006; 25:713–
720.

This study demonstrated that co-administration of this hexavalent vaccines with a
MenC-TT does not weaken or harm the immune system.

73 Halperin SA, Langley JM, Hesley TM, et al. Safety and immunogenicity
of two formulations of a hexavalent diphtheria-tetanus-acellular
pertussis-inactivated poliovirus-Haemophilus influenzae conjugate-hepati-
tis B vaccine in 15 to 18-month-old children. Hum Vaccin 2005; 1:245–
250.

This study demonstrates that different formulations of a hexavalent vaccine do not
weaken or harm the immune system.

74

�
Shinefield H, Black S, Thear M, et al. Safety and immunogenicity of a measles,
mumps, rubella and varicella vaccine given with combined Haemophilus
influenzae type b conjugate/hepatitis B vaccines and combined diphtheria-
tetanus-acellular pertussis vaccines. Pediatr Infect Dis J 2006; 25:287–
292.

This large study added to the evidence that co-administration of MMRV, Hib/HepB
and DTaP is safe and represents an effective stimulus rather than weakening, or
harm of the immune system.

75 Miller E, Andrews N, Waight P, Taylor B. Bacterial infections, immune over-
load, and MMR vaccine. Measles, mumps, and rubella. Arch Dis Child 2003;
88:222–223.

76 Centers for Disease Control and Prevention. Withdrawal of rotavirus vaccine
recommendation. MMWR Morb Mortal Wkly Rep 1999; 48:1007.

77

�
Bines J. Intussusception and rotavirus vaccines. Vaccine 2006; 24:3772–
3776.

This excellent review outlines the effectiveness of the current strategy to detect
and react to a postlicensure safety signal and emphasizes that regional immuniza-
tion safety concerns may have a considerable global impact.

78

�
Ruiz-Palacios GM, Perez-Schael I, Velazquez FR, et al. Safety and efficacy of
an attenuated vaccine against severe rotavirus gastroenteritis. N Engl J Med
2006; 354:11–22.

This was one of the largest preclinical vaccine trials demonstrating the safety and
efficacy of one of the two recently licensed new generation rotavirus vaccines
(HRV).

79

�
Vesikari T, Matson DO, Dennehy P, et al. Safety and efficacy of a pentavalent
human-bovine (WC3) reassortant rotavirus vaccine. N Engl J Med 2006;
354:23–33.

This was one of the largest preclinical vaccine trials demonstrating the safety and
efficacy of one of the two recently licensed new generation rotavirus vaccines
(WC3 strain).

80 Bines JE, Kohl KS, Forster J, et al. Acute intussusception in infants and
children as an adverse event following immunization: case definition and
guidelines of data collection, analysis, and presentation. Vaccine 2004; 22:
569–574.

81 Bouvier-Colle MH, Flahaut A, Messiah A, et al. Sudden infant death and
immunization: an extensive epidemiological approach to the problem in
France: winter 1986. Int J Epidemiol 1989; 18:121–126.

82 Griffin MR, Ray WA, Livengood JR, Schaffner W. Risk of sudden infant death
syndrome after immunization with the diphtheria-tetanus-pertussis vaccine.
N Engl J Med 1988; 319:618–623.

83 Hoffman HJ, Hunter JC, Damus K, Pakter J. Peterson DR, van Belle G, et al.
Diphtheria-tetanus-pertussis immunization and sudden infant death: results of
the National Institute of Child Health and Human Development Cooperative
Epidemiological Study of Sudden Infant Death Syndrome risk factors. Pedia-
trics 1987; 79:598–611.

84 Mitchell EA, Stewart AW, Clements M. Immunisation and the sudden infant
death syndrome. New Zealand Cot Death Study Group. Arch Dis Child 1995;
73:498–501.

85 Roberts SC. Vaccination and cot deaths in perspective. Arch Dis Child 1987;
62:754–759.

86 Fleming PJ, Blair PS, Platt MW, et al. The UK accelerated immunisation
programme and sudden unexpected death in infancy: case-control study. BMJ
2001; 322:822.
orized reproduction of this article is prohibited.



C

246 Paediatric and neonatal infections
87

��
Vennemann MM, Butterfass-Bahloul T, Jorch G, et al. Sudden infant death
syndrome: No increased risk after immunisation. Vaccine 2007; 25:336–340.

This was a timely case–control study on SIDS victims, comprising the 2 years
following introduction of hexavalent vaccines in Germany. It could not demonstrate
an increased risk of SIDS associated with these vaccines.

88 von Kries R, Toschke AM, Strassburger K, et al. Sudden and unexpected
deaths after the administration of hexavalent vaccines (diphtheria, tetanus,
pertussis, poliomyelitis, hepatitis B, Haemophilius influenzae type b): is there a
signal? Eur J Pediatr 2005; 164:61–69.

89 Miller E, Waight P, Farrington CP, et al. Idiopathic thrombocytopenic purpura
and MMR vaccine. Arch Dis Child 2001; 84:227–229.

90

�
Rajantie J, Zeller B, Treutiger I, Rosthoj S. Vaccination associated thrombo-
cytopenic purpura in children. Vaccine 2007; 25:1838–1840.

This study provided a recent estimate of the incidence of symptomatic thrombo-
cytopenia following MMR. The event is less frequent following immunization
compared to the wild virus infection.
opyright © Lippincott Williams & Wilkins. Unautho
91

�
Imbach P, Kuhne T, Muller D, et al. Childhood ITP: 12 months follow-up data
from the prospective registry I of the Intercontinental Childhood ITP Study
Group (ICIS). Pediatr Blood Cancer 2006; 46:351–356.

This is the latest in a series of analyses of a large ITP database. It emphasizes that
the acronym ITP is used for a heterogenous group of clinical entities and is ill
defined.

92 Asa PB, Cao Y, Garry RF. Antibodies to squalene in Gulf War syndrome. Exp
Mol Pathol 2000; 68:55–64.

93 Alving CR, Grabenstein JD. Re: Antibodies to squalene in Gulf War Syn-
drome. Exp Mol Pathol 2000; 68:196–198.

94

�
Del Giudice G, Fragapane E, Bugarini R, et al. Vaccines with the MF59
adjuvant do not stimulate antibody responses against squalene. Clin Vaccine
Immunol 2006; 13:1010–1013.

This study highlighted that adjuvants containing squalene neither elicit nor increase
commonly preexisting squalene antibody levels.
rized reproduction of this article is prohibited.



C
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Purpose of review

Untreated syphilis may have profound adverse effects on

pregnancy outcome, resulting in spontaneous abortion,

stillbirth, premature delivery or perinatal death, or can result

in significant morbidity during infancy, childhood or

adolescence. In this article, we review current strategies for

the management of maternal and congenital syphilis

nationally and in resource-poor settings.

Recent findings

Since 1998, a dramatic increase in syphilis diagnoses has

been documented among women of child-bearing age in

the UK and elsewhere. The low prevalence of congenital

syphilis in many developed countries may have led to

complacency, hindering modern-day management of this

historically important condition. Follow-up studies indicate

that present antenotal and postnatal interventions could be

improved. This conclusion extends to resource-poor

settings endemic for syphilis in which rapid diagnostic

techniques are currently being validated.

Summary

A stringent follow-up of pregnant women with syphilis

before delivery and a proactive approach to identifying and

treating exposed neonates born to such patients are

needed.
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Introduction
To prevent cases of congenital syphilis, detection and

treatment of infectious syphilis antenatally are essential

through effective screening programmes. Associated with

this is the necessity to address the healthcare inequalities

in populations at increased risk of syphilis, in both the

developed and developing worlds. Recent outbreaks

in developed countries indicate that a heightened aware-

ness of this condition remains essential.

Historical background
The first well documented outbreak of syphilis occurred

in Naples in 1494 and rapidly swept throughout Europe,

and spread to India and China occurred thereafter [1,2].

In 1905, the association of Treponema pallidum with

syphilis was described by Schaudinn and Hoffman [3],

who demonstrated spirochetes in Giemsa-stained smears

of fluid from secondary syphilitic lesions. In 1943, Maho-

ney and co-workers [4] treated the first cases of syphilis

with penicillin. This drug has remained the mainstay

of treatment.

The perinatal transmission of syphilis
The majority of infants with congenital syphilis are

infected in utero, but the newborn can also be infected

by contact with an active genital lesion at the time of

delivery. The primary mode of horizontal transmission is

by sexual contact, although anecdotal studies [5] cite

kissing, contact with infected secretions and blood transfu-

sion as potential sources of acquisition and transmission.

Kassowitz’s law states that the risk of vertical transmission

of syphilis from an infected, untreated mother decreases as

maternal disease progresses. Thus, transmission ranges

from 70 to 100% in primary syphilis, 40% for early latent

syphilis to 10% for late latent disease [6]. Although

unusual, transmission to newborns from mothers with

tertiary syphilis has also been reported [7].

Global and national epidemiology
In 2001, the World Health Organization (WHO) estimated

that there were approximately 12 million new cases of

syphilis in adults globally, with increased prevalence noted

in South and Southeast Asia, and sub-Saharan Africa [8].

Such data may have been skewed by high numbers of

false-positive assays, however, reflecting the low specificity

of nontreponemal tests.

In the UK, data on sexually transmitted infections is

notified to the Health Protection Agency (HPA) by
orized reproduction of this article is prohibited.
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Table 1 Incidence of symptoms in early and late congenital

syphilis

Percentage of cases

Early
Abnormal bone radiograph 33–95
Hepatomegaly 51–56
Splenomegaly 49
Petechiae 41
Skin lesions 35–44
Anaemia 34
Lymphadenopathy 32
Jaundice 30
Pseudoparalysis 28
Snuffles 23
CSF abnormalities 25

Late
Frontal bossing 30–87
Palatal deformation 76
Dental dystrophies 55
Interstitial keratitis 20–50
Abnormal bone radiograph 30–46
Nasal deformity 10–30
Eighth nerve deafness 3–4
Neurosyphilis 1–5
Joint disorder 1–3

Data taken from references [20–22].
KC60 statutory notification. Since 1998, a dramatic

increase in syphilis diagnoses has been documented

among heterosexual populations and men who have sex

with men (MSM) [9,10]. Among women, syphilis primarily

affects those who are most likely to conceive, mandating

screening for syphilis antenatally. Localized outbreaks

have been associated with commercial sex workers and

cocaine usage [9,11,12], with an over-representation of

pregnant women from ethnic minorities born outside

the UK [13]. Recent studies [13,14,15�] have raised

concerns that current antenatal strategies may be

inadequate in the identification and treatment of women

at risk. These concerns are reinforced by data from the

HPA, which identified 36 cases of congenital syphilis in

the UK in 2005 – the highest number in 10 years.

The clinical manifestations of congenital
syphilis
Globally, the WHO estimates that one million pregnancies

are affected by syphilis. Of these, 460 000 will result in

abortion or perinatal death, 270 000 infants will be born

prematurely or with low birth weight, and 270 000 will be

born with stigmata of congenital syphilis [16]. At least

two-thirds of all fetuses of mothers with infectious syphilis

are affected [17]. Most affected infants are asymptomatic

at birth, with two-thirds developing symptoms by

3–8 weeks. Almost all exhibit symptoms by 3 months of

age [18].

The syndromes of congenital syphilis can be classified as

either early or late.

Early manifestations

Early features are similar to the manifestations of sec-

ondary syphilis in adults. Persistent rhinitis (snuffles) is

often the earliest presenting symptom (occurring in

4–22% of newborns with congenital syphilis) [19].

Nonspecific symptoms of congenital syphilis include

hepatosplenomegaly and nontender generalized lympha-

denopathy (Table 1) [20–22]. The rash in early syphilis is

classically a vesiculobullous or maculopapular rash occur-

ring on the palms and soles and may be associated with

desquamation. Associated erythema multiforme has been

documented [22,23]. Asymptomatic cerebrospinal fluid

changes [elevated protein, positive Venereal Disease

Research Laboratory (VDRL) test] may be found in

80% of infants [24] but acute syphilitic meningitis occurs

rarely [25]. Glomerulonephritis resulting in nephrotic

syndrome may also occur. Necrotizing funisitis – a

deep-seated infection of the umbilical cord – occurs in

premature neonates with congenital syphilis and is associ-

ated with a high incidence of intrauterine or perinatal

death [26].

Radiographic abnormalities may be noted in 20% of

infants with asymptomatic infection. Bony lesions
opyright © Lippincott Williams & Wilkins. Unautho
present within the first 8 months of life and commonly

affect the tibia, the tubular bones of the hands and feet

and, more rarely, the skull and clavicles. Osteochon-

dritis, or Parrot’s pseudo-paralysis, is the most common

and earliest lesion, characterized by an asymmetric,

painful, flaccid paralysis of the upper limbs and

knees [27]. Diaphyseal periostitis is asymptomatic and

radiographic changes are often not seen until after

3 months of age.

The late manifestations of congenital syphilis

Late onset is defined as symptoms developing in

children older than 2 years of age and is characterized by

chronic granulomatous inflammation. Late congenital

syphilis most often presents in puberty [17] and can affect

many organ systems, althoughthesitesmost often involved

include bones, teeth and the nervous system. A poor

response to intensive treatment is often noted [28].

Symptomatic neurosyphilis, tabes dorsalis and cerebro-

vascular lesions develop rarely, with juvenile paresis

occurring in 1–5% of children/adolescents. Once over

2 years of age, 25–33% of infants with untreated

congenital syphilis have asymptomatic neurosyphilis

[27]. When symptomatic, neurosyphilis can result in

eighth nerve deafness. The onset of deafness is sudden,

usually at 8–10 years of age, and, when associated with

notched incisors and interstitial keratitis, it forms part

of Hutchinson’s Triad. Other ocular lesions include

iridocyclitis and chorioretinitis.

Radiological changes (Wimberger’s lines) reflect metaphy-

seal destruction secondary to focal erosion of the inner
rized reproduction of this article is prohibited.
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aspect of the proximal tibia [21,29]. Early bony changes can

be reversed with timely treatment. Pathological fractures

may result from untreated congenital syphilis along

with the other permanent deformities associated with

congenital syphilis, such as saddle nose, palatal erosions

and sabre tibia. Clutton’s joints (hydrarthrosis) involving

the knees or elbows may develop between 8 and 15 years of

age. Other characteristic signs of late congenital syphilis

include mulberry molars and fissuring around the mouth

(rhagades), and localized rashes primarily consisting of

nodules and gummata.

Diagnosis
Definitive diagnosis of congenital syphilis is by identi-

fication of spirochetes using darkfield microscopic

examination or direct fluorescent antibody tests of lesion

exudate or tissue including placenta or umbilical cord.

Such specimens are highly infectious, however, and

false-negative microscopic results are common, making

serologic testing necessary.

Antenatal testing

Effective antenatal screening programmes are the corner-

stone of effective diagnosis and prevention of congenital

syphilis. Screening has been reported [30�] to be cost-

effective in populations with syphilis prevalence as low

as 5/100 000. In a recent survey [31] of sub-Saharan

African countries, 17 out of 22 reported that antenatal

screening was a national policy. Of 19.9 million pregnant

women in these countries, however, only 5.7 million had

access to syphilis screening. Effective prevention of

congenital syphilis depends on the identification of

active infection in pregnant women by routine serologic

screening with a quantitative nontreponemal test [VDRL

or rapid plasma reagin (RPR)]. Generally, these tests

are carried out antenatally at 11–20 weeks’ gestation,

although, in populations with a high underlying preva-

lence of syphilis, there is evidence to support repeated

screening in the third trimester to exclude acquisition in

late pregnancy [32]. These nontreponemal tests correlate

with disease activity and response to therapy in women

with positive serology at initial screening [33].

Nontreponemal tests performed on serum samples

containing high concentrations of antibody against T.
pallidum, however, can be falsely negative; this reaction

is termed the ‘prozone phenomenon’. The sensitivity of

nontreponemal tests can therefore be compromised

during early primary syphilis; false negatives can also

occur with latent acquired syphilis of long duration, and

late congenital syphilis. False-positive reactions can

occur secondary to viral infections (infectious mono-

nucleosis, hepatitis, varicella, measles), lymphoma,

tuberculosis, malaria, endocarditis, connective tissue

disease, pregnancy, laboratory error or Wharton jelly

contamination when cord blood specimens are used
opyright © Lippincott Williams & Wilkins. Unauth
[33,34]. To exclude a false-positive nontreponemal test,

serology should be sent for confirmatory treponemal

antibody detection by fluorescent treponemal antibody

absorption (FTA-ABS) or T. pallidum particle aggluti-

nation (TPPA). Treatment should not be delayed while

awaiting the results of the treponemal test. Treponemal

test antibody titres remain reactive for life, even after

successful therapy, and correlate poorly with disease

activity, and should therefore not be used to assess

response to therapy. Treponemal tests may not be specific

for syphilis, as positive reactions variably occur in patients

with other spirochetal infections, including yaws, pinta,

leptospirosis, relapsing fever and Lyme disease.

In women treated during pregnancy, follow-up nontre-

ponemal testing is important to assess the efficacy of

therapy, as demonstrated by a fourfold decrease in titre.

These usually become nonreactive 1 year after prompt

treatment of primary or secondary infection if the initial

titre is low (<1 : 8) and within 2 years with congenital

infection or if the initial titre is high. Differentiating

treated syphilis from active (re)infection may be difficult

in the absence of increasing titres. The combination of

nontreponemal and treponemal tests provides sensitive

and specific screening for all stages of syphilis but

requires subjective interpretation and cannot readily be

automated [35].

The nontreponemal and treponemal serologic

combination is being replaced in many UK diagnostic

microbiology laboratories by enzyme immunoassays

(EIAs) that detect treponemal IgG or IgG and IgM.

Advantages include the production of objective results,

the ability to link EIA plate readers directly to laboratory

computer systems, and the facility for automation [36]. A

quantitative nontreponemal test and serology for specific

antitreponemal IgM provides a baseline for monitoring

the effect of therapy. IgM becomes undetectable within

3–9 months after adequate treatment of early syphilis but

may persist up to 18 months after treatment of late

disease [37]. The treponemal IgG EIA is still regarded

as investigational in the USA [33]; there are published

data, however, showing that screening with recombinant

antigen-based treponemal IgG and IgM has comparable

sensitivity and specificity compared to the nontrepone-

mal and treponemal serologic combination [38–40], and

may be useful for detecting treponemal antibody in

HIV-infected patients [41].

One of the challenges to implementing effective screen-

ing programmes in developing countries is the lack of

facilities (electrical generators, refrigeration) to be able to

carry out such screening tests locally. If global targets

relating to decreasing rate of under-five mortality and

maternal health are to be met, then it has been acknowl-

edged that new solutions need to be found in such
orized reproduction of this article is prohibited.
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settings. This has led to the search for Affordable,

Sensitive, Specific, User-friendly, Robust and Rapid,

Equipment-free, Deliverable (ASSURED) rapid diagnos-

tic methods [30�] (www.who.int/std_diagnostics/). Most of

these methods are based on antisyphilis antibody in a

sample binding specifically to antigen immobilized on a

nitrocellulose membrane while the sample is being trans-

portedbycapillaryflowover themembrane.Thereactionis

then revealed by dye bound to an antiimmunoglobulin.

Preliminary results of pilot studies [42��] evaluating the

sensitivity and specificity of a number of such tests

have recently been published and show high sensitivity

(84.5–97.7%) and specificity (84.5–98%) with low inter-

reader variability. The use of such tests offers hope that

antenatal testing and treatment can be offered at one

appointment, of special importance when women might

travel miles to attend such clinics during early pregnancy.

Evaluation of newborns with perinatal exposure to

syphilis

An exposed infant should be evaluated for active syphilis if:
(1) S
opy
ymptomatic.
(2) M
aternal titre has increased fourfold.
(3) I
nfant titre is fourfold greater than maternal titre.
(4) M
aternal syphilis was untreated or inadequately trea-

ted during pregnancy, with insufficient serologic

follow-up.
(5) M
aternal syphilis was treated with a nonpenicillin

regimen.
(6) A
fter treatment of maternal syphilis (with an appro-

priate penicillin regimen), the expected decrease in

nontreponemal antibody titre after therapy did not

occur.
(7) T
reatment for maternal syphilis was commenced less

than 1 month before delivery.
Detection of specific antitreponemal IgM may be useful

in the diagnosis of congenital infection but a negative

result around the time of delivery does not exclude this

diagnosis. Serological follow-up is indicated and should

include repeat IgM testing, and quantitative nontrepo-

nemal and treponemal serology to demonstrate loss of

passive maternal antibody.

In addition to blood for treponemal and nontreponemal

testing, the evaluation should also include a CSF VDRL

test and analysis for the detection of white cells and

elevated protein, and long-bone radiography. A negative

VDRL on CSF does not exclude congenital neurosyphi-

lis. Pathologic examination of the placenta or umbilical

cord (if available) is also indicated.

Treatment
Various treatment regimes exist and European guidelines

have recently been reviewed [43�] (Table 2). Treatment
right © Lippincott Williams & Wilkins. Unautho
recommendations are based on chronologic, not gesta-

tional, age.

Parenteral penicillin G is the only documented effective

therapy for patients who have neurosyphilis, congenital

syphilis or syphilis during pregnancy. Aqueous crystalline

penicillin G is preferred over procaine penicillin G

because adequate CSF concentrations may not be

achieved with the latter. If more than 1 day of therapy

is missed, the entire course should be restarted.

Newborn infants

In newborn infants, the dosage for aqueous crystalline

penicillin G is 100 000–150 000 U/kg per day, adminis-

tered as 50 000 U/kg per dose, intravenously, every 12 h

during the first 7 days of life and every 8 h thereafter for a

total of 10 days. Procaine penicillin G is administered in a

daily single dose of 50 000 U/kg per day, intramuscularly,

for 10 days.

Follow-up

Treated infants should be followed-up at 3, 6 and

12 months of age, until serologic nontreponemal tests

become nonreactive or the titre has decreased fourfold.

With adequate treatment or in cases in which antibody is

transplacentally acquired in the absence of congenital

infection, nontreponemal antibody titres should decrease

by 3 months of age and be nonreactive by 6 months of age.

Previously treated infants at 6–12 months of age with

increasing or persistent titres should be re-evaluated,

including CSF examination, and treated with a further

10-day course of parenteral penicillin G.

Treated infants with congenital neurosyphilis should

undergo repeated clinical evaluation and CSF examin-

ation at 6-month intervals until their CSF examination is

normal. A persistently reactive VDRL test of CSF is an

indication for re-treatment [44].

Older infants and children

Infants of more than 4 weeks of age who possibly have

congenital syphilis or who have neurologic involvement

should be treated with aqueous crystalline penicillin,

200 000–300 000 U/kg per day, intravenously (adminis-

tered every 6 h), for 10 days. This regimen also should be

used to treat children over 1 year of age who have late and

previously untreated congenital syphilis [44], although a

poor response to intensive treatment is often noted in this

group [28].

During pregnancy

Patients should be treated with penicillin according to

the dosage schedules appropriate for the stage of syphilis

as recommended for nonpregnant patients. Penicillin-

allergic pregnant women should be treated with

penicillin after desensitization [43�,45].
rized reproduction of this article is prohibited.
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Table 2 Treatment of congenital infection

Country Alternatives Penicillin allergy

Europe
Treatment Benzyl penicillin PBP BBP if cerebrospinal

fluid normal
No guidelines

Dose 150 000 units/kg 50 000 units/kg 50 000 units/kg
Regimen Over six doses/day q.i.d. q.i.d.
Route i.v. i.m. i.m.
Duration 10–14 days 10–14 days 1 day

UK
Treatment Benzyl penicillin PBP No guidelines
Dose 50 000 units/kg 50 000 units/kg
Regimen b.i.d. Then t.i.d. q.i.d.
Route i.v. i.v. i.m.
Duration 7 days 3 days 10 days

USA
Treatment Benzyl penicillin PBP BBP

�
Penicillin

Dose 50 000 units/kg 50 000 units/kg 50 000 units/kg
Regimen b.i.d. Then t.i.d. q.i.d. o.w.
Route i.v. i.v. i.m. i.m.
Duration 7 days 3 days 10 days 1 day

Russian
Early congenital syphilis

Treatment Benzyl penicillin NBP PBP BBP Ceftriaxone or oxacillin
or ampicillin

Dose 100 000 u/kg 50 000 u/kg 50 000 u/kg 50 000 u/kg 100 000 u/kg
Regimen Over six doses/day Over two doses/day q.i.d. o.w. Over four doses/day
Route i.v. i.m. i.m. i.m. i.m.
Duration 14 days 14 days 14 days 3 weeks 14 days

Only if cerebrospinal
fluid normal and
not >2 kg

Late congenital syphilis
Treatment Benzyl penicillin NBP PBP No guidelines
Dose 50 000 u/kg 50 000 u/kg 50 000 u/kg
Regimen Over six doses/day Over two doses/day q.i.d.
Route i.v. i.m. i.m.
Duration 28 days, 14 days off,

14 days
28 days, 14 days off,

14 days
28 days, 14 days off,

14 days

�
Normal examinationþ titres, mother untreated; nonpenicillin regimen – see text of guidelines [43�] for more details. BBP, benzathine benzyl penicillin;

NBP, novocaine benzyl penicillin; PBP, procaine benzyl penicillin; b.i.d., twice daily; i.m., intramuscularly; i.v., intravenously; o.w., once per week; q.i.d.,
four times daily; t.i.d., three times daily. Previously published in [43�].
Conclusion
Despite the introduction of effective treatment and the

availability of diagnostic testing in the mid-twentieth

century, syphilis still remains a national health issue. In

this article, we have reviewed the management of

congenital syphilis. At a time at which syphilis has

re-emerged in the UK as a major public health problem,

we hope that this review will assist clinicians in

familiarizing themselves again with the subtleties of

one aspect of this age-old affliction. To re-phrase Osler,

(s)he who knows syphilis knows the more things

change, the more they stay the same!
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 countries
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Purpose of review

Rotavirus is the most common cause of diarrhoea and

dehydration in early childhood. The recent licensure in many

nations of vaccines against rotavirus offers promise to

significantly reduce this toll. The present review describes

recent developments regarding rotavirus vaccines and the

challenges they face.

Recent findings

Rotavirus causes significant morbidity and impact upon

healthcare systems, at both inpatient and outpatient levels.

An earlier rotavirus vaccine, since withdrawn, was

temporally associated with intussusception causing small

bowel obstruction, especially in infants receiving their first

dose at an older age. Large-scale safety and efficacy

studies of two new live, oral, attenuated vaccines have

shown excellent efficacy against severe rotavirus

gastroenteritis. Importantly, both studies detected no

association with intussusception with these new vaccines

when administered at the scheduled ages. Developed using

different rotavirus vaccinology philosophies, questions

remain regarding their coverage against new rotavirus

serotypes. Ongoing intussusception surveillance following

introduction should answer whether they may be safely

administered beyond scheduled ages.

Summary

Safe, efficacious rotavirus vaccines are available in many

developed countries, offering significant promise to reduce

the burden of gastroenteritis and dehydration. The impact of

these vaccines upon not only morbidity, but also circulating

rotavirus serotypes, will be monitored with interest.
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Introduction
Acute gastroenteritis is a major cause of death and

morbidity in early childhood, accounting for more than

2.5 million estimated deaths under the age of 5 each year

[1��]. While the death toll is overwhelmingly born by

developing nations, acute gastroenteritis accounts for a

large number of primary care consultations and hospital

admissions in all countries.

Rotavirus is the most common cause of dehydration,

hospitalization and death due to acute gastroenteritis

in early childhood [1��]. A ubiquitous and democratic

virus predominantly affecting healthy children, rotaviral

disease is most common and severe between 6 and

24 months of age. In developed countries, children at

particular risk of developing rotavirus disease are those

attending facilities where young children are grouped,

including out-of-home child daycare and hospitals [2,3].

The ascertainment of moderate and severe rotavirus

infections reaching hospital services has traditionally

been measured, allowing estimates of severe disease

burden and some direct impacts upon health systems

[4�]. Annually, rotavirus is estimated to cause 58 000–

70 000 admissions to hospital with acute gastroenteritis

in the USA, more than 87 000 in Europe and 10 000

in Australia [4�,5,6]. Rotaviral disease presentations

to primary care and their impact upon these services

have been described less frequently. The true inci-

dence of rotavirus infection is unclear in many

settings, however, as many infections are presumed to

be asymptomatic or very mild, not requiring presen-

tation to healthcare facilities. Most studies addres-

sing diarrhoeal aetiology across different healthcare

settings have found rotavirus is more commonly

identified with increasing severity of gastroenteritis

presentation [7].

Rotavirus virology
Rotavirus, a member of the family Reoviridae, is a double-

stranded RNA virus with 11 gene segments coding for six

structural and six nonstructural proteins. The genome

length is approximately 18 000 base pairs. A triple-capsid

virus that infects many species, rotavirus serogroups

are determined by the inner capsid layer protein VP6

(termed Groups A–E). Almost all symptomatic human

disease is caused by Group A rotavirus, with Group B

described causing occasional outbreaks in China and

Bangladesh, and Group C rotavirus thought to cause

predominantly asymptomatic infection.
orized reproduction of this article is prohibited.
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Figure 1 The external structure of rotavirus

Courtesy of Dr B.V.V. Prasad, Baylor College of Medicine, Houston,
Texas, USA.
A dual-typing classification system exists for rotavirus

based on the two outer capsid proteins, the glycoprotein

VP7 (G types) and the protease-sensitive protein VP4

(P types, Fig. 1). Both proteins contain antigenic regions

that induce serotype-specific and serotype cross-reactive

antibody responses which neutralize the virus. A com-

plete concordance of serotypes and genotypes occurs for

G types while for P types this is not the case. For

example, the most common serotype G1P1A[8] is

described as G type 1, and P serotype 1A, genotype 8.

At least 15 G types and 23 P types have been documented

[8].

Although 10 G types and 11 P types have been isolated

from humans, four serotypes (G1P[8], G2P[4], G3P[8],

G4P[8]) have typically comprised 90–95% of samples

identified, with serotype G1P1A[8] comprising 60–80%

of circulating strains each year [8]. A fifth common G

type, G9 in association with P[8], has emerged since the

mid-1990s as a significant cause of diarrhoea in many

countries, including the USA, the UK, Australia, India,

France, Belgium, Hungary, Bangladesh, Thailand and

Japan [8,9]. In some instances, G9 was identified as the

dominant strain causing disease during the winter epi-

demics, and it has been associated in a Latin American

setting with more severe disease than other prevalent

serotypes [10].

Several recent epidemiological surveys have identified

the presence of rare G types such as G5, G6 G8 and G10

causing disease in children. While not globally common,

these rare G types are often important types in specific

locations, which include the identification of G5P[8] in

Brazil, G8P[8] and G8P[4] in Malawi and G6P[8] in

Hungary [8,9]. More recently, genotype G12 strains

have emerged as a cause of disease in humans. G12

strains were initially identified in the Philippines in

1987–1988, but G12 strains have been reported in several

locations around the world since 2000. Reports from

Belgium, the USA, the UK, Japan and Korea highlight

the spread of this emerging type [11]. Whether it

continues to emerge and becomes a globally important
opyright © Lippincott Williams & Wilkins. Unautho
strain will require continued comprehensive epidemio-

logical studies.

Rotavirus disease and protection
Following severe rotavirus diarrhoea and some asymp-

tomatic infections, antirotavirus-specific antibodies

(IgG, IgA, and neutralizing antibodies) are detectable

in serum and intestinal secretions, including specific

antibodies to antigenic epitopes present on viral struc-

tural and nonstructural proteins, such as the VP7 and

VP4 proteins. These antibodies neutralize virus in cell

culture and have been associated with a degree of

protection against the same (homotypic protection)

and different serotypes (heterotypic) [12��]. First

infections generally produce homotypic responses,

and subsequent infections, even if with the same sero-

type, produce heterotypic responses [13]. IgA levels

correlate with intestinal IgA production, which com-

mences within 10 days of first infection, with the intes-

tinal mucosal gut-associated lymphoid tissue potentially

the major source of IgA found in the serum. IgA

has been detected in faeces within 14 days of initial

infection [12��]. In animal models, passively transferred

IgG has been shown to inhibit not only viral shedding in

challenged naive animals, but also antibody and B-cell

memory immune responses to rotavirus [14,15].

Challenge studies using virulent human rotavirus in

adults have helped explore protective measures of immun-

ity. Neutralizing serum antibodies against specific VP7

and VP4 antigenic types were shown to protect against

illness and shedding following virus challenge. These

same initial studies, however, did not demonstrate a

protective role for intestinal neutralizing antibody.

Subsequent adult volunteer studies investigated the role

of neutralizing antibodies in serum and jejunal fluid, IgA

in serum, jejunal fluid and stool, and IgG in serum. Only

serum IgG protected from infection, and jejunal neutra-

lizing antibodies from disease. Examination of serum IgG

and IgA in children has found conflicting results, with the

relative importance of each in protecting from disease

varying between studies, as well as the protective

threshold level of each. Cellular immunity is thought,

at least in animal models, to limit duration of excretion of

rotavirus [16].

The lack of clearly defined immune correlates of protec-

tion was underlined by the phase II studies of the two

recently licensed rotavirus vaccines [17,18]. The devel-

opers used markedly different definitions for seroconver-

sion, or ‘vaccine take’ for infants receiving the GSK

RIX4414 or Merck pentavalent WC3-human bovine

reassortant vaccine. Both developers have suggested

these definitions were subsequently validated by the

published phase III efficacy; however, these validation

studies are yet to be made available [19��,20��].
rized reproduction of this article is prohibited.
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Rotavirus vaccines
The first licensed rotavirus vaccine, the live attenuated

rhesus reassortant tetravalent vaccine (RRV-TV) (Rota-

shield; Wyeth Vaccines, Radnor, Pennsylvania, USA),

was withdrawn from sale in the USA in August 1999

following reports of intussusception following vacci-

nation [21��]. Intussusception occurs when a section

of bowel invaginates adjacent proximal bowel like a

telescope, typically at the ileocolic junction. Typically

manifesting as episodes of pain, pallor and vomiting in

infants, disruption to intestinal blood supply can result in

gangrene and perforation [22�]. Fortunately, develop-

ment of other rotavirus vaccines progressed after the US

Food and Drug Administration agreed guidelines for the

approval of clinical trials large enough to detect similar

associations with intussusception. Two commercial

candidate vaccines, Rotarix (GSK Vaccines, Rixensart,

Belgium) and RotaTeq (Merck Research Laboratories,

Philadelphia, Pennsylvania, USA), have completed

phase III large-scale safety and efficacy trials each invol-

ving at least 60 000 children, and are now licensed in

many countries [19��,20��]. Both being expensive, the

task of making rotavirus vaccines affordable for devel-

oping nations where the toll of rotaviral acute gastro-

enteritis is greatest is a pressing priority for both the

Global Alliance for Vaccines and Immunisation and

the WHO.

Rhesus reassortant tetravalent vaccine and
intussusception
Since the initial reports of an association between intus-

susception and RRV-TV, numerous studies in different

North American populations confirmed a strong temporal

association, particularly from day 3 to day 7 following

the first dose of vaccine [21��]. Recent reanalysis of

Center for Disease Control case–control data suggested

increased age at first dose (�90 days) as a risk factor

for RRV-TV-associated intussusception. Over 80% of

intussusception cases occurred in this older group that

comprised only 38% of vaccine recipients [23].

Interestingly, ecologic studies involving populations

where RRV-TV was introduced widely failed to detect

any increase in overall rates of intussusception [24].

This has led to suggestions that while RRV-TV trig-

gered intussusception in susceptible hosts, RRV-TV

may have been protective against intussusception in

others. Pathologic studies were conducted on tissue

collected from eight children who underwent surgical

resection of their intussusception within 2 weeks of

receipt of RRV-TV. Histological examination was able

to detect vaccine-specific RNA in the tissue from six

children, but no pathogenic mechanisms were ident-

ified, including no hyperplasia of Peyer’s patches, which

have been hypothesized to act as potential lead points

[22�].
opyright © Lippincott Williams & Wilkins. Unauth
The temporal association of RRV-TV administration

with subsequent intussusception has been particularly

perplexing, as numerous investigations have failed to

demonstrate an association between wild-type rotavirus

infection and intussusception. These have included

case–control studies where only one of three studies

found an association, and several epidemiological studies

from numerous countries demonstrating no increase in

intussusception during the rotavirus diarrhoea season

[21��]. The organism most consistently associated with

intussusception has been adenovirus, found in up to 40%

of intussusception cases, significantly more commonly

than in matched community controls [25��]. These

adenoviruses appear similar to circulating adenoviruses,

predominantly respiratory rather than enteric adeno-

viruses [26]. The pathogenesis of intussusception remains

poorly understood [22�].

Licensed rotavirus vaccines
During 2006, large-scale clinical safety and efficacy trials

were reported for the vaccines developed by GSK

Vaccines (Rotarix) and Merck Research Laboratories

(RotaTeq). Developed using distinctly different prin-

ciples of rotavirus vaccinology, both vaccines have been

demonstrated to be safe, immunogenic and highly

efficacious against severe rotavirus acute gastroenteritis,

with no association with intussusception detected when

administered at the recommended ages as used in the

phase III trials [19��,20��]. Importantly for comparison,

different definitions were used by the two major vaccine

developers for the clinical endpoints of severe rotavirus

gastroenteritis, as well as sample size calculations for the

detection of intussusception, making direct comparison

between the two vaccines difficult. Additionally, they

were trialled in relatively different settings, with the

majority of RotaTeq trials occurring in developed

nations, while the Rotarix programme included more

developing nations. Rotarix (RIX4414) has been licensed

in many European and Latin American countries as well

as some in Asia and Australia. RotaTeq has been licensed

in the USA, several European nations and Australia.

RIX4414, a monovalent human attenuated
rotavirus vaccine
Rotarix is derived from the G1P1A[8] monovalent human

strain 89–12, isolated from a child and initially developed

in Cincinnati, Ohio. Attenuated by serial tissue cell-

culture passage, the isolate was cloned and further

passaged in approved Vero cells by GlaxoSmithKline

and designated RIX4414 [27]. It relies upon induction of

heterotypic immunity by multiple doses as has been

describedfornatural rotavirus infections,withtheimmuno-

dominant VP4 protein eliciting most neutralizing

antibody [28]. Although the VP7 protein G type is shared

by only one of the four main circulating G types (five

including serotype G9), the VP4 P type is shared by all
orized reproduction of this article is prohibited.
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Figure 2 WC3 bovine–human reassortant vaccine development

HU, human rotavirus strain.

HU-G2 HU-G1 HU-
P1A[8]

WC3

WC3-G3WC3-G2WC3-G1

HU-G3 HU-G4

WC3-G4 WC3-P[8]

Bovine WC3 strain passaged 
with human rotavirus strains 
except the G2P[4] strain. Each dose contains 106.5

median cell-culture infective doses of the vaccine strain

and is administered with a calcium carbonate buffer

[20��]. Administered orally at 2 and 4 months of age,

the vaccine has been trialled in 63 225 Latin American,

European and South-East Asian infants, with ongoing

African studies yet to be reported [20��,29�]. Extremely

well tolerated, the overall efficacy against severe rotavirus

gastroenteritis was 84.7% [95% confidence interval (CI),

71.7–92.4]. Efficacy against rotavirus-associated hospital-

ization rate was 85.0% (95% CI, 69.6–93.5) [20��]. When

restricted by rotavirus serotype to those that shared only

a P type, efficacy appeared similar at 87.3% (95% CI,

64.1–96.7). When only G2P[4] episodes were examined,

however, the possibility of lower efficacy remained

unresolved due to low numbers of episodes overall (14

episodes in total, 45.4% efficacy; 95% CI, �81.5–85.6)

[20��]. As with all published rotavirus vaccine trials, the

efficacy calculation improved with increased severity of

clinical rotaviral illness measured.

WC3 bovine-human reassortant vaccine
The Merck vaccine RotaTeq was developed using reas-

sortment between human and bovine rotavirus strains.

The original ‘backbone’ strain was derived from the WC3

bovine strain developed in Philadelphia [27]. Reassortant

strains, obtained by coculturing WC3 with human rota-

virus strains, were then able to express human VP7

antigens. When development was assumed by Merck,

a pentavalent vaccine was developed, containing five

human–bovine reassortant strains expressing the four

common human VP7 serotypes and the most common

human VP4 type, G-types 1–4, and P-type 1A[8] (Fig. 2).

Administered as part of a three-dose oral schedule at 2, 4
opyright © Lippincott Williams & Wilkins. Unautho
and 6 months, each dose contains 6.7� 107–12.4� 107

infectious units. To achieve protection, RotaTeq relies

predominantly on eliciting serotype specific responses. In

phase III trials of 70 300 infants conducted in Europe,

North America and Latin America, the efficacy subset

was restricted to Finland and the USA [19��]; 68 038

infants received at least one dose of vaccine. Efficacy

against the predefined outcome of severe rotavirus

gastroenteritis due to serotypes G1–G4 was 98% (95%

CI, 88.3–100), and against any gastroenteritis due to

G1–G4 was 74% (95% CI, 66.8–79.9) [19��].

Analysis of efficacy against specific serotypes was limited

by relatively small numbers of episodes of non-G1 sero-

types; however, clear efficacy against serotype G9 (sharing

the P type with the vaccine) was demonstrated [19��].

Other rotavirus vaccine candidates
There are a variety of alternate candidate vaccines to the

existing licensed vaccines. The original RRV-TV vaccine

remains licensed. Re-evaluation of the dose timing,

suggesting a much lower attributable risk of intussuscep-

tion if neonatal dosing is utilized [23]. Another tetra-

valent bovine–human reassortant vaccine developed by

scientists at the US National Institutes of Health has

been shown to be immunogenic and efficacious in phase

II trials in Finland [30]. This candidate is currently being

licensed to several vaccine manufacturing companies in

India and China. An Indian attenuated human neonatal

strain II6E (G9P[11]) has shown encouraging tolerability

and immunogenicity in a single-dose, phase I trial

in infants [31]. Phase II trials in Australia of another

attenuated human neonatal strain, RV3, a human

G3P[6] strain, demonstrated low reactogenicity, but
rized reproduction of this article is prohibited.
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further development of this vaccine is underway to

improve immunogenicity [1��]. The Lanzhou Lamb

Rotavirus vaccine, an attenuated a G10P[12] vaccine,

is licensed and marketed in China; however, no safety

or efficacy data have been published [32].

Challenges facing rotavirus vaccines
Despite the largest clinical trial programmes since polio

vaccine, important questions remain for rotavirus

vaccines. These include the vaccines efficacy, funding

and implementation in developing settings; their ability

to prevent disease due to existing and emergent rotaviral

serotypes; and their safety outside the recommended age

of administration.

Developing nations

Rotavirus vaccines will be expensive, at least in the short

term. Innovative national initiatives, such as the agree-

ment reached between GSK Vaccines and the Brazilian

Government, offer promise as a way of reducing costs to

make these life-saving vaccines available where the

burden of mortality is greatest. Similarly, support by

the GAVI Alliance (formerly Global Alliance for Vaccines

and Immunisation) and the WHO for newer candidates

and tiered pricing of licensed vaccines remains critical.

Efficacy trials in developing settings are also critical, as

generally rotavirus vaccine efficacy against disease has

been lower than that shown in developed nations.

Heterotypic immunity and emerging serotypes

The efficacy shown by both RotaTeq and Rotarix was

against serotypes prevalent during the trials, predomi-

nantly serotype G1P[8]. Containing the four most com-

mon G types (G1–G4) and the P type (P[8]), RotaTeq

shares the P type with most G9 strains, as does Rotarix,

which relies upon shared P type for non-G1 strains for

much of its protective immunity. Rotateq efficacy against

severe disease due to G9 serotypes, sharing only a VP4

protein, was high at 100% (95% CI, 67.4–100), although

limited by low numbers of cases [19��]. Rotarix efficacy

against G2P[4] offers the opportunity to estimate protec-

tive benefit of the human non-VP4/7 rotaviral proteins.

This was calculated as 45% (95% CI, �81.5 to 85.6)

against severe disease for the initial report, but sub-

sequent presentations using accumulated data have

quoted improved efficacy of 75% [20��,33]. These results

are encouraging for potential efficacy against emergent

serotypes that may not share VP4/7 serotypes. The pro-

tective role of immunity to other proteins has been

encouraging, at least in animal models, with roles for

VP6, VP8 and VP2 suggested in challenge models

[15,34,35].

Intussusception

Both successful phase III safety and efficacy trials for

RotaTeq and Rotarix were designed to detect whether
opyright © Lippincott Williams & Wilkins. Unauth
an association with intussusception similar to that seen

with RRV-TV existed. Administered within monitored

study conditions at the recommended times (2 and

4 months for Rotarix, and 2, 4 and 6 months for

RotaTeq), no increase in intussusception cases were

seen in vaccine recipients. Persisting concerns regarding

the potential influence of age at first vaccine dose,

however, caused both manufacturers to recommend

against children receiving these vaccines outside the

ages studied. Only careful postlicensure surveillance

ascertaining intussusception cases as well as clinical

information including vaccine dosing details appears

likely to provide information to fully reassure manufac-

turers and authorities whether older children may safely

receive rotavirus vaccines [21��]. Similarly, as newer

rotavirus vaccine candidates near phase III clinical

trials, it remains uncertain whether they will be

required by regulatory authorities to recruit sufficient

children to similarly detect a similar association with

intussusception as seen with RRV-TV. Such a require-

ment will have major feasibility and cost implications on

clinical development programmes.

Conclusion
The recently licensed oral, live attenuated rotavirus

vaccines offer promise to reduce the toll of rotavirus

gastroenteritis upon young children and healthcare

systems in the developed nations able to afford them.

When administered at scheduled times, large-scale trials

showed no association with intussusception, with ongoing

surveillance following introduction important to answer

whether older children may also safely receive vaccine.

Ongoing collaborative efforts are crucial to make rota-

virus vaccines available in developing nations as soon as

possible, where they offer the greatest potential impact

upon morbidity and mortality.

References and recommended reading
Papers of particular interest, published within the annual period of review, have
been highlighted as:
� of special interest
�� of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 319).

1

��
Glass RI, Parashar UD, Bresee JS, et al. Rotavirus vaccines: current
prospects and future challenges. Lancet 2006; 368:323–332.

Excellent review of varied rotavirus vacine candidates, licensed and in
development.

2 Rodrigues A, Fischer TK, Valentiner-Branth P, et al. Community cohort study
of rotavirus and other enteropathogens: are routine vaccinations associated
with sex-differential incidence rates? Vaccine 2006; 24:4737–4746.

3 Floret D, Lina B, Pinchinat S, et al. Epidemiology and burden of rotavirus
diarrhea in day care centers in Lyon, France. Eur J Pediatr 2006; 165:905–
906.

4

�
Soriano-Gabarro M, Mrukowicz J, Vesikari T, Verstraeten T. Burden of
rotavirus disease in European Union countries. Pediatr Infect Dis J 2006;
25:S7–S11.

Reviews the impact of rotavirus upon Europe’s varied health systems.

5 Charles MD, Holman RC, Curns AT, et al. Hospitalizations associated with
rotavirus gastroenteritis in the United States, 1993–2002. Pediatr Infect Dis J
2006; 25:489–493.
orized reproduction of this article is prohibited.



C

258 Paediatric and neonatal infections
6 Galati JC, Harsley S, Richmond P, Carlin JB. The burden of rotavirus-related
illness among young children on the Australian healthcare system. Aust NZ J
Public Health 2006; 30:416–421.

7 Orenstein EW, Fang ZY, Xu J, et al. The epidemiology and burden of rotavirus
in China: a review of the literature from 1983 to 2005. Vaccine 2007;
25:406–413.

8 Gentsch JR, Laird AR, Bielfelt B, et al. Serotype diversity and reassortment
between human and animal rotavirus strains: implications for rotavirus vaccine
programs. J Infect Dis 2005; 192 (Suppl 1):S146–S159.

9 Santos N, Hoshino Y. Global distribution of rotavirus serotypes/genotypes
and its implication for the development and implementation of an effective
rotavirus vaccine. Rev Med Virol 2005; 15:29–56.

10 Linhares AC, Verstraeten T, Wolleswinkel-van den Bosch J, et al. Rotavirus
serotype G9 is associated with more-severe disease in Latin America. Clin
Infect Dis 2006; 43:312–314.

11 Rahman M, Matthijnssens J, Yang X, et al. Evolutionary history and global
spread of the emerging G12 human rotaviruses. J Virol 2007; 81:2392–
2390.

12

��
Franco MA, Angel J, Greenberg HB. Immunity and correlates of protection for
rotavirus vaccines. Vaccine 2006; 24:2718–2731.

Broad review of the still developing field of rotavirus immunity.

13 Heaton PM, Goveia MG, Miller JM, et al. Development of a pentavalent
rotavirus vaccine against prevalent serotypes of rotavirus gastroenteritis.
J Infect Dis 2005; 192 (Suppl 1):S17–S21.

14 Westerman LE, McClure HM, Jiang B, et al. Serum IgG mediates mucosal
immunity against rotavirus infection. Proc Natl Acad Sci USA 2005; 102:
7268–7273.

15 Nguyen TV, Yuan L, Azevedo MS, et al. High titers of circulating maternal
antibodies suppress effector and memory B-cell responses induced by an
attenuated rotavirus priming and rotavirus-like particle-immunostimulating
complex boosting vaccine regimen. Clin Vaccine Immunol 2006; 13:475–
485.

16 Jaimes MC, Feng N, Greenberg HB. Characterization of homologous and
heterologous rotavirus-specific T-cell responses in infant and adult mice.
J Virol 2005; 79:4568–4579.

17 Phua KB, Quak SH, Lee BW, et al. Evaluation of RIX4414, a live, attenuated
rotavirus vaccine, in a randomized, double-blind, placebo-controlled phase 2
trial involving 2464 Singaporean infants. J Infect Dis 2005; 192 (Suppl 1):
S6–S16.

18 Clark HF, Offit PA, Plotkin SA, Heaton PM. The new pentavalent rotavirus
vaccine composed of bovine (strain WC3)–human rotavirus reassortants.
Pediatr Infect Dis J 2006; 25:577–583.

19

��
Vesikari T, Matson DO, Dennehy P, et al. Safety and efficacy of a pentavalent
human–bovine (WC3) reassortant rotavirus vaccine. N Engl J Med 2006;
354:23–33.

Phase III safetyandefficacy study demonstratingno association with intussusception
and high efficacy against severe rotavirus gastroenteritis in developed settings.

20

��
Ruiz-Palacios GM, Perez-Schael I, Velazquez FR, et al. Safety and efficacy of
an attenuated vaccine against severe rotavirus gastroenteritis. N Engl J Med
2006; 354:11–22.

Phase III safety and efficacy study demonstrating no association with intussuscep-
tion and high efficacy against severe rotavirus gastroenteritis in developed and
developing settings.
opyright © Lippincott Williams & Wilkins. Unautho
21

��
Bines J. Intussusception and rotavirus vaccines. Vaccine 2006; 24:3772–
3776.

Intussusception story from initial association with earlier vaccine to ongoing
surveillance needs.

22

�
Lynch M, Shieh WJ, Bresee JS, et al. Intussusception after administration of
the rhesus tetravalent rotavirus vaccine (Rotashield): the search for a patho-
genic mechanism. Pediatrics 2006; 117:e827–e832.

Pathologic study of intussusception samples from RRV-TV-associated episodes.

23 Simonsen L, Viboud C, Elixhauser A, et al. More on RotaShield and intus-
susception: the role of age at the time of vaccination. J Infect Dis 2005; 192
(Suppl 1):S36–S43.

24 Simonsen L, Taylor RJ, Kapikian AZ. Rotavirus vaccines. N Engl J Med 2006;
354:1747–1751.

25

��
Bines JE, Liem NT, Justice FA, et al. Risk factors for intussusception in infants
in Vietnam and Australia: adenovirus implicated, but not rotavirus. J Pediatr
2006; 149:452–460.

Case–control study demonstrating lack of association between wild-type rotavirus
and intussusception in two diverse settings.

26 Selvaraj G, Kirkwood C, Bines J, Buttery J. Molecular epidemiology
of adenovirus isolates from patients diagnosed with intussusception in
Melbourne, Australia. J Clin Microbiol 2006; 44:3371–3373.

27 Vesikari T, Giaquinto C, Huppertz HI. Clinical trials of rotavirus vaccines in
Europe. Pediatr Infect Dis J 2006; 25:S42–S47.

28 Ward RL, Kirkwood CD, Sander DS, et al. Reductions in cross-neutralizing
antibody responses in infants after attenuation of the human rotavirus vaccine
candidate 89–12. J Infect Dis 2006; 194:1729–1736.

29

�
De Vos B, Delem A, Hardt K, et al. A short report on clinical evaluation of
RIX4414: highlights of world-wide development. Vaccine 2006; 24:3777–
3778.

Summary of the clinical development of a now licensed, monovalent, human
vaccine.

30 Vesikari T, Karvonen AV, Majuri J, et al. Safety, efficacy, and immunogenicity
of 2 doses of bovine–human (UK) and rhesus-rhesus-human rotavirus re-
assortant tetravalent vaccines in Finnish children. J Infect Dis 2006; 194:
370–376.

31 Bhandari N, Sharma P, Glass RI, et al. Safety and immunogenicity of two
live attenuated human rotavirus vaccine candidates, 116E and I321, in
infants: results of a randomised controlled trial. Vaccine 2006; 24:5817–
5823.

32 Mohan KV, Glass RI, Atreya CD. Comparative molecular characterization of
gene segment 11-derived NSP6 from lamb rotavirus LLR strain used as a
human vaccine in China. Biologicals 2006; 34:265–272.

33 Vesikari T, Karvonen A, Prymula R, et al. Human rotavirus vaccine RotarixTM

(RIX4414) is highly efficacious in Europe. In 24th Annual Meeting of
the European Society for Pediatric Infectious Diseases—ESPID; Basel,
Switzerland; 3–5 May 2006.

34 Agnello D, Herve CA, Lavaux A, et al. Intrarectal immunization with rotavirus
2/6 virus-like particles induces an antirotavirus immune response localized in
the intestinal mucosa and protects against rotavirus infection in mice. J Virol
2006; 80:3823–3832.

35 Andres I, Rodriguez-Diaz J, Buesa J, Zueco J. Yeast expression of the VP8�
fragment of the rotavirus spike protein and its use as immunogen in mice.
Biotechnol Bioeng 2006; 93:89–98.
rized reproduction of this article is prohibited.



C

The burden of influenza in child
ren
Mary Iskandera, Robert Booya and Stephen Lambertb
Purpose of review

This review summarizes recent studies that better address

the burden of influenza from the medical and

socioeconomic perspectives. The issue of influenza in

children is one that has implications for future universal

vaccination policies.

Recent findings

In the past, the burden of influenza in children was largely

defined by hospital-based studies that quantify the

incidence of influenza hospitalization and, consequently, the

benefit of prevention in young children. The medical and

the socioeconomic impact have been better appreciated

recently with population-based studies because the great

majority of children are managed as outpatients. Children

with influenza may not have direct contact with medical

services but still generate substantial costs in carer illness

or work-day loss. Furthermore, the specificity offered by

laboratory confirmation of influenza has enabled influenza to

be separated from other respiratory viruses that may have

confounded previous studies looking at the medical and

economic costs of illness.

Summary

Better understanding of the burden of influenza in healthy

children regarding hospitalization rates, outpatient medical

visits, community-managed illness and socioeconomic

impact on families and society exists; this has potential

implications for universal vaccination policies under

consideration.
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burden, children, hospitalization, influenza, socioeconomic

impact
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Introduction
Influenza has long been considered as a disease of elderly

people because of the high incidence, hospitalization and

mortality rates in those of over 60 years of age. The

generally good prognosis of influenza in healthy children

further added to that misconception. Among children,

influenza has been considered serious only in those with

chronic medical conditions at higher risk of developing

complications. In healthy children, the burden of influ-

enza has increasingly become apparent, with new studies

examining the medical and, more recently, the socio-

economic impacts. Many studies have used nonspecific

outcomes such as respiratory illness without laboratory

testing, or relied on International Classification of

Disease (ICD) codes that are not specific for influenza;

this will have affected evaluation of the true burden

of influenza in children and, consequently, the cost-

effectiveness of universal influenza immunization in

children.

Despite debate regarding the economic benefit of influ-

enza vaccination in children, in 2004, the American

Advisory Committee on Immunization Practices (ACIP)

recommended routine influenza vaccination in children

of 6–23 months old. This decision was largely based on

the medical burden of influenza.

In 2006, the ACIP extended its recommendations to

include all children up to the age of 5 years. The cost-

effectiveness of such a programme requires an accurate

evaluation of the burden of influenza disease in the

inpatient as well as the outpatient and community

settings.

Recent studies have attempted to examine both the

direct and indirect burden of influenza and to distinguish

this from other respiratory viruses, such as respiratory

syncytial virus (RSV), which co-circulates in the same age

group. In this review, we will examine recent studies that

address the epidemiological and clinical characteristics of

influenza infection in children, as well as the socioeco-

nomic impact of this infection for children and their

families.

Epidemiological characteristics
The morbidity of influenza in children is clearly demon-

strated by hospitalization data that show hospitalization

rates in young children aged under 5 years to be equiv-

alent to those in people aged over 65 years [1]. Australian

data reveal that children aged under 5 years have
orized reproduction of this article is prohibited.

259

mailto:maryi@chw.edu.au


C

260 Paediatric and neonatal infections
hospitalization rates second only to those aged over

85 years [2]. Moreover, these rates are inversely related

to the age of the child, with children younger than

6 months at maximum risk [1–4]. Clinicians have tended

to underestimate influenza-related hospitalizations in

children [5,6��] and, despite this, Australian hospitaliz-

ation data still show a rate approximately twice that in

those over 60 years old [2].

A more precise estimate of hospitalization in children has

been provided by prospective surveillance studies of

laboratory-confirmed influenza. With such an approach,

over 4 years, a multicentre study by Poeling et al. [6��]

has shown that an average of 0.9 per 1000 children of

0–59 months of age were hospitalized with laboratory-

confirmed influenza [95% confidence interval (CI)

0.8–1.1 per 1000]. The average annual rate was highest

in children aged 0–5 months (4.5 per 1000 children) and

decreased with older age groups. A similar age distri-

bution was demonstrated by Moore and colleagues [7��]

where nearly 50% of children admitted to hospital

with laboratory-confirmed influenza were younger than

6 months of age, and 80% were less than 2 years old.

In contrast to elderly people, the mortality rate related to

influenza in children is approximately one-tenth that of

those aged over 60 years (0.1 compared with 1.1 per

100 000) [2].

Nevertheless, in the 2003–2004 influenza season, a

national survey [5] of influenza-associated deaths in

the United States showed that the laboratory-confirmed

mortality rate in children younger than 6 months was

much higher, at 0.88 per 100 000.

Apart from the extremes of age, there are certain other

groups at higher risk of hospitalization and related

complications, including death, due to influenza. The

ACIP-designated high-risk conditions for which annual

influenza vaccination is recommended are asthma,

chronic pulmonary disease, immunosuppression, hemo-

globinopathies, chronic renal dysfunction, metabolic and

endocrine conditions, long-term salicylate therapy and

pregnancy [8].

More recently, neurological and neuromuscular disease

was found to be a risk factor for respiratory failure and

other influenza-related complications. This was demon-

strated for the winter of 2003–2004 by Keren et al. [9] in a

retrospective cohort study in which the likelihood for a

child with a neurological or neuromuscular disease to

develop respiratory failure was six times that of a pre-

viously healthy child (OR 6.0; 95% CI 2.7–13.5). Further-

more, in the same year, a national US survey by Bhat et al.
[5] of influenza-associated deaths demonstrated that

chronic neurologic conditions, including developmental
opyright © Lippincott Williams & Wilkins. Unautho
delay, seizure disorder and cerebral palsy, made up one-

third of the influenza-associated deaths in children aged

under 18 years. As a result of these findings, the ACIP, in

2004, recommended annual influenza vaccination to

include all persons with conditions that compromise

handling of respiratory secretions [5].

Even though hospitalization data are impressive, only

about 5% of children presenting to medical attention

with influenza are hospitalized [10��], making the burden

of outpatient childhood influenza more substantial. It

should be recognized that hospitalization studies will

underestimate the burden of disease, as many children

are not hospitalized until several days after symptoms

have appeared, when viral titres are lower and the chance

of isolating the virus using culture from secretions is

reduced.

Regarding the outpatient burden of disease, the propen-

sity of influenza viruses to periodic but haphazard anti-

genic drift causes appreciable variation in attack rates

from one year to another; typically, it ranges from 20 to

30% of children each year, with rates of up to 50% in

children attending day-care [3,11].

A prospective cohort study by Poeling et al. [6��]

addressed the issue of case ascertainment as well as

timeliness of obtaining the samples from children attend-

ing emergency departments over two influenza seasons.

The outpatient visits to clinics and emergency depart-

ments attributable to influenza were approximately

10, 100 and 250 times as high as hospitalization rates

for children aged 0–5, 6–23 and 24–59 months, respect-

ively.

Apart from the fact that the outpatient burden of influ-

enza far exceeds that of the inpatient population, these

data also reflect the reality that older children (older than

2 years) tend to be managed as outpatients and thus play a

major role in transmitting infection to contacts at home,

school and childcare. Furthermore, influenza infection is

more likely to occur where children mix, such as in day-

care centres or schools – a fact that lends itself to the

argument that influenza vaccination in children may

have considerable impact on the reduction of influenza-

associated morbidity [10��].

Clinical characteristics
Influenza typically manifests as an upper respiratory tract

infection, and the clinical characteristics are difficult to

distinguish from other respiratory pathogens [12]. It also

causes a spectrum of other respiratory illnesses, including

croup [7��,10��], acute otitis media, bronchiolitis, asthma

exacerbation [7��,10��,13] and pneumonia [14�], depend-

ing on an interplay between host susceptibility and viral

virulence.
rized reproduction of this article is prohibited.
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Prospective hospital-based studies [7��] as well as out-

patient population-based studies [6��] have shown fever,

cough and rhinorrhoea to be the most frequent symp-

toms. Children younger than 6 months of age are more

likely to present with rhinorrhoea compared with older

children, whereas those between 6 and 24 months are

more likely to be hospitalized with wheezing and otitis

media (OR 2.03 and 3.47, respectively). Children older

than 5 years were more likely to suffer pharyngitis com-

pared with younger age groups [7��].

One of the most frequently reported influenza compli-

cations managed in the outpatient setting is acute otitis

media (AOM). Two prospective outpatient studies by

Tsolia et al. [10��] and Heikkinnen et al. [15] have shown

otitis media to be the most common influenza compli-

cation, as it was diagnosed in 18.5 [10��] and 39.7% [15],

respectively, of children presenting with influenza.

Analysis of the results by age revealed that AOM was

diagnosed more commonly in children aged less than

2 years (27%) and in those aged between 2 and 5 years

(23%) compared with those aged between 5 and 14 years

(10.3%) (P¼ 0.001) [10��]. The contribution of influenza

to AOM was further demonstrated by a prospective single

blinded intervention study [16�] that showed a significant

difference between the incidence of AOM in vaccinated

children compared with unvaccinated children (2.3 com-

pared with 5.2%; P< 0.01) and, earlier on, by Belshe et al.
[17], in an interventional study demonstrating the effi-

cacy of live attenuated cold-adapted trivalent influenza

vaccine. The study illustrated a 30% reduction in the

incidence of febrile otitis media in vaccinated children

(95% CI 18–45%; P< 0.001).

Despite the fact that asthma is the most prevalent high-

risk condition for which influenza vaccination is recom-

mended and influenza-induced asthma is responsible for

excess cardiopulmonary disease, outpatient presentations

and antibiotic prescriptions in children with asthma [13],

the rate of influenza vaccination in children with asthma

remains suboptimal, probably due to lack of physician

recommendation or parental perception that their child

does not have increased susceptibility to influenza [18].

Lack of physician recommendation might be partially

due to uncertainty about the degree of protection that

vaccination affords against asthma exacerbation. A recent

systematic review [19] did not support a major benefit

from vaccination, and a recent randomized double-

blinded study [20] in children with asthma did not show

a significant reduction in asthma exacerbations in influ-

enza-positive children. Nevertheless, further research

is needed in this area before a change of policy is

considered.

The rate of influenza-related pneumonia was estimated

as 14% in a retrospective survey [14�] of both outpatient
opyright © Lippincott Williams & Wilkins. Unauth
and hospitalized children with influenza. Although the

contribution of influenza to the overall burden of child-

hood pneumonia may be slight, influenza pneumonia

may be underestimated, as the illness is difficult to

differentiate from uncomplicated influenza as well as

other respiratory infections on the basis of clinical picture

[14�].

Nonrespiratory complications of influenza include febrile

convulsions [10��,21�,22�], especially in children with a

family history or a past history of febrile seizures (OR

7.58; 95%CI 1.48–38.84; P¼ 0.015) [21�].

Other serious complications of influenza include ence-

phalopathy, meningitis, myocarditis and secondary bac-

terial infection such as those caused by Staphylococcus
aureus [23,24], while pneumococcal and meningococcal

infections are well recognized complications [25,26].

Socioeconomic burden
Like the medical burden, the socioeconomic burden of

influenza tends to fluctuate with severity of the season

but, in general, influenza is associated with substantial

socioeconomic consequences on families, healthcare

services and society [27,28]. Socioeconomic impact

includes physician visits, medications, school absence,

missed work days, either due to secondary illness in a

carer or to care for a sick child, and hospitalization. In the

past, studies [29] demonstrated economic benefit of

universal influenza vaccination in children only when

indirect effectiveness was considered.

Recent studies [30–32] have found the direct medical

costs related to hospitalization as well as outpatient

influenza in children to be higher than initially calculated.

This may be due to the fact that previous studies did not

separate influenza from other respiratory pathogens,

depending mainly on ICD codes that are not completely

specific to influenza. A recent hospitalization study by

Keren et al. [33��] demonstrated that the cost of influenza-

related hospitalization in children may be up to three

times higher than previously estimated. This retrospec-

tive cohort study, spanning 4 years, determined the cost

of influenza-related hospitalization in children with

laboratory-confirmed influenza. The mean hospitaliz-

ation cost of true influenza in children involved greater

resource utilization than the cost of hospitalizations for

noninfluenza-related pneumonia and bronchitis – a fact

not considered in previous studies that failed to differ-

entiate influenza from other respiratory illnesses.

Children at high risk of complications of influenza had

higher mean total costs compared with those at low risk

($15 269 compared with $9107; P< 0.001), probably due

to longer hospital stay, as room charges and hospital
orized reproduction of this article is prohibited.
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supplies accounted for the majority of hospitalization

costs [33��].

In addition, children over 2 years of age were found to

suffer higher complication rates compared with those of

less than 6 months of age. A retrospective study over

three influenza seasons showed that children aged over

2 years had an increased rate of pneumonia, intensive care

stay and mechanical ventilation, and accounted for 55%

of total hospital costs and longer hospital stay compared

with younger children. Forty per cent of these children

did not have high-risk conditions [34�].

The higher direct cost of influenza also extends to chil-

dren managed in the community. A population-based

prospective cohort study [35] in 234 Australian children of

under 5 years of age showed that outpatient laboratory-

confirmed influenza incurred two to three times the cost

of other respiratory viruses. This suggests that annual

influenza vaccinations for healthy children may be more

cost-effective than previously thought.

The indirect economic burden, including secondary

infection of household contacts of sick children, leading

to parental illness, missed work days and transmission of

influenza to the workplace, overshadows the direct costs

of paediatric influenza and has not been adequately

assessed in the past.

Recently, a study [10��] using virological confirmation

separated the effects of influenza infection from other

respiratory viruses. The study found that for each child

with influenza, a mean of 1.34 work days were lost by the

parents to care for the sick child and a further 0.36 days for

their own illness. The secondary infection rate for influ-

enza, however, was significantly higher than that for other

respiratory viruses (17 compared with 11%; P< 0.0001),

suggesting a higher rate of intrafamilial spread compared

with other infections.

The indirect burden was further illustrated in a prospec-

tive study by Esposito et al. [36] that compared influ-

enza with RSV infection in children aged 15 years or

younger presenting to the emergency department for

acute conditions. The study demonstrated that pre-

viously healthy children with influenza were more likely

to use antipyretics compared with those with RSV (82.5

compared with 50.0%; P< 0.0001), and missed more

school days than RSV-positive children (12 compared

with 5 days; P¼ 0.003). Household contacts of influ-

enza-positive children had significantly higher incidence

of similar disease, antipyretic use, work and school day

loss than those of RSV-positive children [8,36].

The role of children in influenza transmission to their

elderly contacts was demonstrated by Ghendon et al.
opyright © Lippincott Williams & Wilkins. Unautho
[37��] when the rate of influenza-like illness was 3.4

times lower in the elderly contacts of immunized children

than in contacts of the control group (0.07 compared with

0.24%; P< 0.01.

Conclusion
The burden of influenza is becoming better appreciated

as recent studies have considered both the medical and

the socioeconomic burden in inpatient and outpatient

populations. In addition, most recent studies have dis-

tinguished influenza from other respiratory viruses when

considering socioeconomic impact, giving more speci-

ficity and certainty to the question of economic burden.

The issue of burden remains a central factor in determin-

ing the cost-effectiveness of influenza vaccination in

children and recent data appear to support the opinion

that with a greater burden than previously recognized,

the economic benefit of universal influenza vaccination is

more than originally anticipated.
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Purpose of review

T-cell interferon-gamma release assays (TIGRAs), available

as enzyme-linked immunospot (ELISpot) and enzyme-linked

immunoassay (ELISA), potentially significantly advance on

the tuberculin skin test (TST) for diagnosis of tuberculosis

infection. We review all publications using TIGRAs in

children to appraise paediatricians of the advantages and

limitations of these new blood tests.

Recent findings

Unlike TST, both tests are independent of Bacille

Calmette-Guérin vaccination status, providing higher

diagnostic specificity. In children with active tuberculosis

ELISpot is more sensitive than TST and is unaffected by HIV

infection, age under 3 years or malnutrition; ELISA data are

currently limited. In the absence of a gold-standard test for

latent tuberculosis infection, tuberculosis exposure was

used as a surrogate marker; ELISpot generally correlates

better with tuberculosis exposure than TST, while ELISA

correlates broadly similarly. Indeterminate test results in

young children are rare with ELISpot and are more common

with ELISA.

Summary

Although longitudinal studies quantifying risk of progression

to tuberculosis in tuberculosis-exposed children with

positive TIGRA results are required urgently, the small but

rapidly expanding evidence-base since the first application

of TIGRAs to childhood tuberculosis in 2003 combined

with recent national guidelines makes a strong case for

judicious use of TIGRAs in clinical management of

paediatric tuberculosis.
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Introduction
The burden of childhood tuberculosis is difficult to

delineate, in part because of the inherent difficulties in

accurately diagnosing tuberculosis in children. Estimates

indicate, however, that in 2004 childhood tuberculosis

accounted for 10% of all new cases in Africa and 2% in the

established market economies [1]. Clear estimates of

HIV-related tuberculosis in children are lacking because

of insufficient and conflicting data [2]. Several studies in

countries with high HIV infection rates, however, have

shown an increasing proportion of children with

tuberculosis who are infected with HIV, and higher

mortality rates in these patients [3,4].

Active tuberculosis
Childhood tuberculosis is commonly extrapulmonary,

disseminated and severe, especially in children under

3 years of age, and is associated with high morbidity and

mortality [5�]. The gold standard for the diagnosis of

active tuberculosis is a positive Mycobacterium tuberculosis
culture from a clinical specimen. Suitable specimens

from children are difficult to obtain, however, since a

high proportion of childhood tuberculosis is extrapul-

monary, requiring invasive procedures, and children

younger than 5 years old with pulmonary tuberculosis

rarely expectorate sputum. Even when specimens are

obtained from children, fewer than 20% are smear-

positive for acid-fast bacilli [6] and culture results are

frequently negative and usually too late to affect initial

management. In the absence of accurate diagnostic tools

for tuberculosis in children, both underdiagnosis and

overdiagnosis are common [2]; the latter is exacerbated

in areas with a high prevalence of HIV and tuberculosis

because both share many clinical features and it is often

impossible to exclude tuberculosis in HIV-infected

children. Moreover, untreated tuberculosis in HIV-

infected children is rapidly fatal. The tuberculin skin

test (TST) is widely used to support clinical and

radiological findings in the evaluation of children with

suspected tuberculosis. A positive TST result can help in
reproduction of this article is prohibited.
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the decision to start treatment while bacteriological

confirmation is awaited or when it is lacking. The

clinical utility of a rapid test of infection lies in

its potential to rule out a diagnosis of tuberculosis

when other tests are negative, but the poor sensitivity

of TST in children precludes reliable exclusion of

tuberculosis.

Latent tuberculosis infection
Children who develop active tuberculosis often do so

within several months after initial infection and, since

infection in children is usually recent, prompt diagnosis

and treatment of asymptomatic infection are essential.

The risk of progression to active tuberculosis is highest in

children younger than 3 years old and approaches 40% in

infants, with a second peak occurring in late adolescence

[5�,7,8]. Many adults who develop infectious reactivation

tuberculosis acquired the infection during childhood.

Given the effectiveness of isoniazid preventive

therapy in preventing progression to active tuberculosis

[9], therefore, accurate diagnosis and treatment of

M. tuberculosis infection in children would prevent many

cases of contagious adult tuberculosis in the future.

Finally, diagnosis of latent tuberculosis infection (LTBI)

and active tuberculosis in children is important

epidemiologically as it signals recent transmission of

M. tuberculosis in the community.

TST was until recently the only method of detecting

M. tuberculosis infection. The TST is based on the

detection of a cutaneous delayed-type hypersensitivity

response to purified protein derivative, a poorly

defined mixture of antigens present in M. tuberculosis,
Mycobacterium bovis Bacille Calmette-Guérin (BCG) and

several nontuberculous mycobacteria. Whilst this assay is

relatively cheap and does not require a laboratory, there

are numerous limitations. The antigenic cross-reactivity

of purified protein derivative compromises specificity in

BCG-vaccinated persons and in people previously

exposed to nontuberculosis mycobacteria, resulting in
opyright © Lippincott Williams & Wilkins. Unauth

Table 1 Published studies on sensitivity and specificity of T-cell inter

infection and active tuberculosis

ELISpot and T-SPOT.TB
study design n

E
G

Latent tuberculosis
infection

Sensitivity Cross-sectional
screening [15]

718 P

Contact tracing [18] 41 C
Contact tracing [20] 535 C
Prospective community-

based [22��]
979

Specificity Contact tracing [20] 535
Active tuberculosis Sensitivity Case report [24��] 1 P

Prospective [26] 70 C
Prospective cohort [28] 293

Specificity
false-positive results [10]. In contrast, HIV infection,

disseminated tuberculosis or malnutrition commonly

result in false-negative results and cutaneous anergy.

Sensitivity of TST in young children is unknown, and

because of this uncertainty, along with the confounding

effect of BCG in vaccinated children, guidelines for

the interpretation of TST results in child tuberculosis

contacts vary widely. Operational constraints include

operator errors, variability in placement and reading of

the test, and the need for a return visit that leads to

poor compliance.

T-cell interferon-gamma release assays
T-cell interferon-gamma release assays (TIGRAs) have

been developed as an alternative immunodiagnostic

approach to the TST for detecting M. tuberculosis infection

[11–14] (Table 1 [15–21,22��,23�,24��,25,26,27�,28]).

TIGRAs are based on the ex-vivo detection of

interferon-gamma (IFN-g) released from presensitized

M. tuberculosis-specific T cells in response to two

immunodominant secreted proteins: early secretory

antigen target-6 (ESAT-6) and culture filtrate protein

10 (CFP-10). T-cell responses to these antigens that

are absent from BCG [29] and most environmental

mycobacteria [30] are not confounded by prior BCG

vaccination and potentially represent a more specific

immune marker of M. tuberculosis infection than the

TST. Three commercially available TIGRAs for diag-

nosing M. tuberculosis infection have been developed:

T-SPOT.TB test (Oxford Immunotec Ltd, Abingdon,

UK), based on the ex-vivo 16–20 h enzyme-linked

immunospot (ELISpot) assay developed by Lalvani;

and QuantiFERON-TB Gold (Cellestis, Carnegie,

Australia) and QuantiFERON-TB Gold in-tube

(Cellestis), which are both based on the 16–24 h whole

blood enzyme-linked immunosorbent assay (ELISA)

(see Fig. 1). The ELISpot evidence-base in childhood

tuberculosis is comprised predominantly of studies using

the Lalvani ELISpot test (Table 1), which has since been

developed into T-SPOT.TB (Oxford Immunotec Ltd).
orized reproduction of this article is prohibited.
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LISA and QuantiFERON-TB
old study design n

QuantiFERON-TB
Gold in-tube
study design n

rospective [16] 101 Convenience
sample [17]

184

ross-sectional screening [19] 75
ontact tracing [21] 125

Case–control [23�] 207
rospective [16] 101 Prospective [25] 105
ase report [27�] 2
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Figure 1 Schematic of the four immune-based methods for diagnosis of M. tuberculosis infection

Schematic of the tuberculin skin test (TST) and the different T-cell interferon-gamma release assays (TIGRAs): the enzyme-linked immunospot
(ELISpot) T-SPOT.TB, the enzyme-linked immunosorbent assay (ELISA) QuantiFERON-TB Gold, and the in-tube ELISA QuantiFERON-TB Gold in-
tube. TST: purified protein derivative is intradermally injected into the volar surface of the forearm and induration of any delayed-type hypersensitivity
response is measured 72 h later. ELISpot: peripheral blood mononuclear cells (PBMC), which include T cells, are separated from the blood sample by
density centrifugation, and are washed, counted and then incubated with ESAT-6 and CFP-10 in a standard 96-well microtitre plate for 16–20 h. If the
patient is infected with Mycobacterium tuberculosis, T cells will recognize the antigens and secrete IFN-g. This cytokine is captured in the immediate
vicinity of the cytokine-secreting T cell by antibodies specific for IFN-g coated on the bottom of each well. The cytokine-bound antibodies are
subsequently detected with another antibody conjugated to an enzyme that catalyses a colorimetric reaction resulting in visible spots, where each spot
represents the footprint of one T cell that responded to the antigens. These spots are counted and the frequency of M. tuberculosis-specific T cells
quantified. ELISA: whole blood from the patient is incubated with either ESAT-6 and CFP-10 in a 24-well plate or with ESAT-6, CFP-10 and TB7.7 (p4)
in the blood collection tube for 16–24 h. If the patient is infected with M. tuberculosis, T cells will recognize the antigens and secrete IFN-g. Either the
plate or tube is centrifuged and the plasma transferred to a 96-well microtitre plate. IFN-g in the plasma is captured by antibodies specific for IFN-g
coated on the bottom of each well. The cytokine-bound antibodies are subsequently detected with another antibody conjugated to an enzyme that
catalyses a colorimetric reaction. The optical density of each well is measured and the concentration of IFN-g determined using a standard curve.
Although a laboratory is needed to process the blood samples from patients, which optimally need to be processed within 8–16 h (within 8 h for
ELISpot, within 12 h for QuantiFERON-TB Gold and within 16 h for QuantiFERON-TB Gold in-tube), multiple patient samples can be analysed at the
same time, interpretation of the tests is standardized and the internal positive control allows assessment of the performance of each assay.
Maturation of neonatal cell-mediated
immunity
The especially high risk of progression to active

tuberculosis in infants suggests that protective T-cell-

mediated immune responses are less effective in early

life. Maternal lymphocytes normally do not cross the

placental barrier, and are present at relatively low

concentrations in breast milk [31]. Infants are therefore

dependent on their own cell-mediated immune response

to resist or contain infections caused by intracellular

pathogens such as M. tuberculosis. Interestingly, neonates

develop adult-like T-helper 1 responses when

vaccinated with BCG [32–35], but cellular immune
opyright © Lippincott Williams & Wilkins. Unautho
responses to infections with several intracellular patho-

gens including cytomegalovirus and HIV are reduced or

delayed in infants compared with those in adults [31].

There were no published data on cellular immune

responses to M. tuberculosis infection in infants and

young children until the recent application of TIGRAs

[16,18,24��,27�,36�,37]. These studies have provided

information on mitogen-induced lymphocyte responses

as well as M. tuberculosis antigen-specific responses;

the former are discussed in the next paragraph

while the latter are reviewed in the sections on perform-

ance of TIGRAs in children with active tuberculosis and

LTBI.
rized reproduction of this article is prohibited.
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Does young age affect IFN-g production or
reliability of TIGRAs?
Given that cell-mediated immunity matures during

infancy and early childhood, it is important to determine

whether IFN-gproduction as measured by TIGRAs is age-

dependent. Significantly lower production of IFN-g in

response to the positive control mitogen phytohaemagglu-

tinin was observed in children younger than 4 years old

compared with children 4–15 years old (P< 0.0001) using

an in-house ELISA [37], and Connell and coworkers [16]

reported a significant positive correlation of the IFN-g

phytohaemagglutinin response with increasing age up

to 17 years using the commercial ELISA (Spearman’s

coefficient 0.53, P< 0.001). Using ELISpot, in contrast,

no age-dependent production of IFN-g in response to

phytohaemagglutinin was observed in 125 children

younger than 2 years old compared with 825 children

2–16 years old (P¼ 0.52; Lalvani and Millington, unpub-

lished observations). Although a significantly smaller

IFN-g response to phytohaemagglutinin when measured

with ELISpot was observed in 11-week-old babies (n¼ 41)

compared with adults (n¼ 51), all results were determinate

with no instances of a failed positive control phytohae-

magglutinin response [18]. IFN-g production detected by

ELISpot, except in the first weeks of life, is therefore not

age-dependent probably because of ELISpot’s high

analytical sensitivity, which enables it to detect even

low numbers of IFN-g-secreting T cells.

The difference in age-dependence of IFN-g detection

between ELISA and ELISpot probably accounts for

the markedly different rates of indeterminate results

generated by the two assays in young children. In a

prospective study in Italy [36�] in which the performance

of the commercially available ELISA and ELISpot

were compared in routine clinical practice in the same

25 children younger than age 5 years, the number of

indeterminate results with ELISA was significantly

higher than with ELISpot (32% versus 0%, P¼ 0.02).

Additionally, there was a significantly higher proportion

of indeterminate ELISA results in children aged 5 years

and younger than in individuals aged older than 5 years

(32% versus 10%, P¼ 0.003). Moreover, in a study of

101 children in Australia, 17% of ELISA tests were

indeterminate [16]. In contrast, in a study in India

[25], none of the 105 children tested with the in-tube

ELISA were indeterminate. In general, therefore,

indeterminate results are very rare with ELISpot and

are more common with ELISA.

Clinical performance of TIGRAs in children
with active tuberculosis
Although TIGRAs cannot distinguish between active

tuberculosis and LTBI, M. tuberculosis infection is a pre-

requisite for active tuberculosis. TIGRAs may therefore

provide useful information in children being evaluated for
opyright © Lippincott Williams & Wilkins. Unauth
suspected tuberculosis. In a prospective cohort study of

293 South African children with a high prevalence of HIV

coinfection and malnutrition, in whom accurate diagnosis

of tuberculosis is commonly extremely difficult, the

sensitivity of ELISpot was significantly higher than the

TST in children with tuberculosis (83% versus 63%,

P< 0.001) [28]. Moreover, while the sensitivity of TST

was substantially reduced in children younger than 3 years

old, in children coinfected with HIV and in malnourished

children, the diagnostic sensitivity of ELISpot was not

significantly affected by these factors. Used together with

TST, ELISpot provided a diagnostic sensitivity of 91% in

this challenging population. As this study was carried out in

routine clinical practice in rural and urban kwaZulu Natal,

its results are likely to be generalizable to other areas with a

high prevalence of tuberculosis and HIV infection. A

smaller South African study [26] using a different format

to the Lalvani ELISpot (i.e. recombinant antigens instead

of peptides) reported positive ELISpot responses to

ESAT-6 or CFP-10 in 10 (83%) of 12 children with

culture-confirmed tuberculosis.

In a recent study of ELISA in routine practice [16], all nine

children diagnosed with active tuberculosis by a combi-

nation of clinical symptoms, radiographic abnormalities

and response to antituberculosis therapy were ELISA-

positive. Of the six children tested with the TST, all were

TST-positive. In eight children with active tuberculosis in

India [25], of whom five had microbiological confirmation,

five were in-tube ELISA-positive and the same five

children were TST-positive. Although the cumulative

number of children with active tuberculosis tested by

ELISA is too small to estimate sensitivity, both ELISA

and in-tube ELISA results appear comparable with the

TST.

Two case reports describe the use of TIGRAs in three

infants. One infant with intense perinatal multidrug-resist-

ant tuberculosis exposure tested positive with ELISpot

when he presented with active pulmonary tuberculosis

[24��], and two infants with perinatal tuberculosis tested

positive by ELISA in the context of negative TST results

[27�]. Together with the study by Liebeschuetz and

co-workers using ELISpot [28], these data suggest a useful

role for TIGRAs in evaluation of infants and young

children with suspected tuberculosis.

Reliable estimates of the specificity of TIGRAs or TST in

routine clinical practice necessitate definitive exclusion of

tuberculosis in large numbers of children with initially

suspected tuberculosis. The absence of a positive

M. tuberculosis culture cannot reliably exclude tuberculosis,

however, because of its poor sensitivity. A better criterion

is the continued absence of clinical tuberculosis at

6 months follow-up. The only study to attempt this was

limited by the logistical difficulties of achieving 6 months
orized reproduction of this article is prohibited.
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follow-up in rural kwaZulu-Natal and therefore yielded

only a few children in whom tuberculosis was definitively

excluded. As those authors pointed out [28], accurate

estimates of the specificity of TIGRAs when used to

evaluate children with suspected active tuberculosis are

a research priority.

Clinical performance of TIGRAs in children
with latent tuberculosis infection
Determining whether a new test for diagnosing LTBI is

better than the TST is difficult because there is no gold

standard test for LTBI. Airborne transmission of

M. tuberculosis, however, is promoted by infectivity of

the index case and by increasing duration and proximity

of contact [38–40]; thus a key determinant of infection is

the amount of time spent sharing room air with the source

case [41]. If a new test is more accurate than the TST, it

should therefore correlate more closely with the degree of

exposure to M. tuberculosis than the TST, but should be

independent of the BCG vaccination status [42]. In a

large UK school outbreak with 69 secondary cases of

tuberculosis and 254 cases of LTBI, the investigators [20]

accurately quantified tuberculosis exposure in 535 stu-

dents based on the number of classes shared with the

single highly infectious source case. Although there was

high agreement between ELISpot and TST results

(k¼ 0.72), ELISpot correlated significantly more closely

with M. tuberculosis exposure than did TST on the basis of

measures of proximity (P¼ 0.03) and duration (P¼ 0.007)

of exposure to the index case. In another point-source

institutional outbreak [18], where contacts, including

41 neonates, had less exposure to the source case and

the M. tuberculosis strain was multidrug-resistant,

ELISpot results correlated significantly with three of four

predefined measures of tuberculosis exposure, while

the TST results did not correlate with any measures of

exposure. In a community-based study of 979 child

household contacts with a median age of 7 years (inter-

quartile range 3–11) in Istanbul [22��], positive ELISpot

and TST results were significantly associated with

two predefined measures of exposure to M. tuberculosis;
the index patient being a parent rather than another

household member, and the number of cases of sputum

smear-positive pulmonary tuberculosis per household. In

a study of child contacts of sputum smear-positive adult

tuberculosis in The Gambia [15], concordance between

TST and ELISpot results was 83% (k¼ 0.62) and both

tests were significantly more likely to be positive

with increasing exposure to the index case. In contrast

to all the above studies, the proportion of TST-positive

ELISpot-negative children increased with more

exposure while the proportion of TST-negative ELI-

Spot-positive children decreased; however, measures of

exposure in high-prevalence countries with high

background levels of M. tuberculosis transmission in the

community may be unreliable.
opyright © Lippincott Williams & Wilkins. Unautho
In a small school tuberculosis outbreak in a predomi-

nantly non-BCG-vaccinated population, there was high

agreement between ELISA and TST results (k¼ 0.87).

There were more ELISA-positive contacts in the high-

exposure group compared with the low-exposure group

[21]. In contrast, in an Australian study [16] of children

referred for suspected LTBI there was poor agreement

between TST and ELISA results (k¼ 0.30); and of the

21 unvaccinated TST-positive children with a very high

likelihood of LTBI, 16 had determinate results – of

whom only four were ELISA-positive. There were no

instances of a negative TST and positive ELISA result.

These data suggest ELISA may have lower sensitivity

than the TST in diagnosing LTBI in children. In a

community-based case–control study in Nigeria [23�],

the proportion of children with positive in-tube ELISA

and positive TST results was higher in contacts exposed

to smear-positive tuberculosis than in contacts exposed to

smear-negative tuberculosis or controls. The agreement

of TST and in-tube ELISA results was 74% (k¼ 0.50) in

contacts exposed to smear-positive source cases and 74%

(k¼ 0.25) in contacts exposed to smear-negative source

cases or in controls. Most in-tube ELISA-positive

TST-negative discordant results were in contacts

exposed to smear-positive source cases, whereas most

in-tube ELISA-negative TST-positive discordant results

were in contacts exposed to smear-negative source cases

or in controls. In a South African study of children at high

risk of LTBI, 43.5% of children had a TST result of

at least 10 mm and 33.2% had a positive in-tube ELISA

result. Agreement between the TST and in-tube

ELISA results increased as the cut-off point of a positive

TST result was raised from at least 5 mm to at least

10 mm to at least 15 mm induration [17].

The high specificity of TIGRAs has been amply

demonstrated in adults and confirmed in children. The

high specificity of ELISpot was confirmed in a large

contact-tracing study of 535 school children (87%

BCG-vaccinated), which showed that ELISpot results

were independent of BCG vaccination whereas TST

was significantly more likely to be positive in BCG-

vaccinated than in nonvaccinated students [20]. The

ELISA was shown to be independent of BCG vaccination

in a Danish school tuberculosis outbreak [21] where the

proportions of students with positive results were similar

between BCG-vaccinated and unvaccinated contacts.

Additionally, in-tube ELISA results were not associated

with BCG vaccination in 105 children with suspected

tuberculosis [25].

Conclusion
In children with active tuberculosis, ELISpot is more

sensitive than the TST. The sensitivity of the ELISA has

not hitherto been systematically compared with the TST

since only 19 children with tuberculosis have been tested
rized reproduction of this article is prohibited.
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Table 2 Research priorities to better define the role of T-cell

interferon-gamma release assays (TIGRAs) in clinical paediatric

practice

Number Research need

1 Further reporting of the performance of TIGRAs in
routine clinical practice

2 Assessment of the predictive value of TIGRAs for
subsequent development of active tuberculosis
in children, especially in young children.

3 Evaluation of whether dynamic changes in the
magnitude of the ELISpot response can serve
as an early marker of progression to incipient
active disease before the onset of symptoms.

4 Evaluation of TIGRAs for site of disease testing,
especially in childhood tuberculosis meningitis

5 Assessment of the risk of progression to active
tuberculosis in TST-negative TIGRA-positive
child contacts
(11 with ELISA and 8 with in-tube ELISA). The higher

sensitivity of ELISpot compared with the TST will

improve diagnostic evaluation of children with suspected

tuberculosis, and a small further increase in the sensi-

tivity of TIGRAs (e.g. by incorporation of novel

M. tuberculosis-specific antigens [43]) could enable

reliable and rapid exclusion of tuberculosis in children.

Specificity of TIGRAs in evaluation of children

with suspected active tuberculosis has not yet been

demonstrated in routine clinical practice and remains a

research priority.

For LTBI, the ELISpot, ELISA and in-tube ELISA assays

have higher specificity than the TST because they are

unaffected by BCG vaccination. Higher specificity will

reduce or eliminate false-positive test results in

BCG-vaccinated children and in children exposed to

nontuberculous mycobacteria, thereby reducing

unnecessary chemoprophylaxis and its associated toxicity.

Diagnostic sensitivity of TIGRAs for LTBI is difficult to

quantify because of the lack of a gold standard. The fact

that ELISpot results correlate better with tuberculosis

exposure than TST suggests improved sensitivity, but

longitudinal studies of child cohorts are needed to confirm

the true sensitivity of TIGRAs. Such studies would

quantify the risk of progression in tuberculosis-exposed

individuals with positive TIGRA results; this would

determine whether a positive TIGRA result reflects

infection with viable bacilli and whether this predicts

subsequent development of active tuberculosis rather than

merely reflecting past exposure and immune memory.

Moreover, if a positive TIGRA result reflects infection

with viable bacilli, IFN-g responses should decline with

bacterial killing during treatment – this was recently

observed for ELISpot in a cohort of 38 tuberculosis-

exposed school children undergoing chemoprophylaxis

[44�].

The first example of a TIGRA-positive tuberculosis-

exposed individual progressing to active tuberculosis

was recently reported. An asymptomatic infant born to a

mother with multidrug-resistant tuberculosis was persist-

ently ELISpot-positive but TST-negative, and developed

active tuberculosis aged 2 years [24��]. If the proof-of-

principle provided by this sentinel case is confirmed in

large-scale studies of the predictive value of positive

TIGRA results, TIGRAs will enable more accurate target-

ing of chemoprophylaxis to children with LTBI at risk of

progression to tuberculosis. While positive ELISpot

results have been observed to turn negative in TST-

negative child contacts in the absence of therapy,

suggesting M. tuberculosis infection may have been spon-

taneously cleared in a minority of contacts [44�,45], the key

determinant of net treatment benefit will be the overall

population risk of progression to active tuberculosis in

ELISpot-positive contacts, just as with TST [46,47]. Other
opyright © Lippincott Williams & Wilkins. Unauth
key research priorities to better define the role of TIGRAs

in clinical paediatric practice are presented in Table 2.

TIGRAs cost more than TST and transfer the workload

from the clinic to the laboratory. Economic analyses,

however, show that TIGRAs are cost-effective

[48��,49,50], and the National Institute of Health and

Clinical Excellence recently proposed a two-stage

strategy (i.e. TST followed by confirmatory TIGRA in

those who test TST-positive) as the most cost-effective

in contact tracing [51]. The same guidelines (and the

Centers for Disease Control and Prevention guidelines

[52]) recommend use of TIGRAs instead of the TST for

diagnosis of LTBI in people prone to false-negative TST

results, which includes young children and people with

suppressed cellular immunity due to HIV infection,

concomitant illness or iatrogenic immunosuppression.

On the basis of guidelines and a rapidly expanding

published evidence-base, therefore, TIGRAs and, in

particular, ELISpot are set to revolutionize management

of paediatric tuberculosis infection in the next few years.
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Aseptic meningitis

Bonita E. Leea and H. Dele Daviesb
Purpose of review

To highlight some of the recent key epidemiologic and

clinical diagnostic dilemmas of aseptic meningitis and to

evaluate some tests that may help distinguish aseptic

compared with bacterial meningitis.

Recent findings

Enteroviruses remain the most common cause of aseptic

meningitis. Certain enteroviruses (e.g. coxsackie B5,

echovirus 6, 9 and 30) are more likely to cause meningitis

outbreaks, while others (coxsackie A9, B3 and B4) are

mostly endemic. Nucleic acid tests are more sensitive than

cultures in diagnosing enteroviral infections. In centers

where the turnaround time for these tests is less than 24 h,

there can be substantial cost savings and avoidance of

unnecessary treatment of aseptic meningitis with

antibiotics. Serum and stool specimens are important

adjunct samples for diagnosing enteroviral infections in

children. Cerebrospinal fluid protein (�0.5 g/l) and

serum procalcitonin (�0.5 ng/ml) appear to be useful

laboratory markers for distinguishing between bacterial

and aseptic meningitis in children aged 28 days to 16 years,

but they have relatively low sensitivity and specificity.

Summary

Enteroviruses are the major causes of aseptic meningitis.

The major focus of diagnosis remains ruling out bacterial

infection or confirming enteroviral etiology of infection.

Properly implemented nucleic acid tests have the potential

to reduce cost and unnecessary treatment.

Keywords

aseptic meningitis, enterovirus, nucleic acid tests

Curr Opin Infect Dis 20:272–277. � 2007 Lippincott Williams & Wilkins.

aDepartment of Pediatrics, University of Alberta, Edmonton, Alberta, Canada and
bDepartment of Pediatrics and Human Development, Michigan State University,
East Lansing, Michigan, USA

Correspondence to H. Dele Davies, MD, MSc, Pediatrics and Human Development,
Michigan State University, College of Human Medicine, B240 Life Sciences
Building, East Lansing, MI 48824, USA
Tel: +1 517 355 3308; fax: +1 517 432 4466; e-mail: daviesde@msu.edu

Current Opinion in Infectious Diseases 2007, 20:272–277

Abbreviations
CSF c
opyri

272
erebrospinal fluid

NAT n
ucleic acid amplification tests

PCR p
olymerase chain reaction

RNA ri
bonucleic acid

TAT tu
rnaround-time
� 2007 Lippincott Williams & Wilkins
0951-7375
ght © Lippincott Williams & Wilkins. Unautho
Introduction
In this review, we will focus on some of the challenging

aspects of diagnosing and managing aseptic meningitis.

Specifically, we will examine the recent epidemiology of

enteroviral infections, the recent evidence for the role of

polymorphonuclear pleocytosis in early compared with

late aseptic meningitis, the roles of surrogate laboratory

tests including procalcitonin and protein levels in dis-

tinguishing bacterial compared with aseptic meningitis

and the potential impact of nucleic acid tests on the

outcomes of aseptic meningitis.

Etiology of aseptic meningitis
The term ‘aseptic meningitis’ can be used broadly to

include all types of meningitis with negative bacterial

cultures from cerebrospinal fluid (CSF). The etiologic

agents have been nicely summarized in a recent review

article by Kumar [1] (Table 1). While viral meningitis

constitutes the most common cause of aseptic meningitis,

from a clinical management point of view, the most

pressing issue is ensuring that a treatable bacterial infec-

tion is not missed and that culture-negative bacterial

meningitis is not due to the common diagnostic dilemma

of partial treatment by antibiotics. Different approaches

have been taken to try to rule out partially treated

bacterial meningitis. A 10-year retrospective study [2]

in Boston found that latex agglutination test for bacterial

antigen in CSF was not helpful in this type of clinical

situation. Recently, there have been more published

studies [3–6] on the use of advanced molecular diag-

nostic techniques, such as 16S rRNA PCR with direct

DNA sequencing, as a more sensitive diagnostic

approach for bacterial detection in CSF and blood

samples. These methodologies are not yet widely

available, however, and false-positive tests due to con-

tamination have been reported. Other types of bacterial

infections such as tuberculosis, mycoplasma, leptospira

and Lyme disease can also present as aseptic meningitis.

For clinicians seeing children from Lyme-endemic

regions, longer duration of headache, presence of cranial

neuritis and predominance of CSF mononuclear cells

were found to be more common in Lyme meningitis

than other types of aseptic meningitis [7��]. Interestingly,

CSF pleocytosis and aseptic meningitis have been ident-

ified in 11.9% of young infants who had lumbar puncture

as part of septic work-up during urinary tract infection [8].

In terms of noninfectious aseptic meningitis, drug-related

aseptic meningitis is more frequently reported in adults

than in children. It is useful to be aware of this potential

complication in medications commonly used in children,
rized reproduction of this article is prohibited.
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Table 1 Etiology of aseptic meningitis

I Infectious causes II Noninfectious causes

1. Viruses: 1. Postinfectious/postvaccinial
Enteroviruses – polio, coxsackie, ECHO virus Rubella
Herpes group of viruses Rubella

Herpes simplex virus types 1 and 2 Varicella
Varicella zoster virus Variola
Cytomegalovirus Rabies vaccine
Epstein–Barr virus Pertussis vaccine
Human herpes virus 6 (HHV-6) Influenza vaccine

Respiratory viruses Vaccinia
Adenovirus Yellow fever vaccine
Rhino virus 2. Drugs
Influenza virus types A and B Nonsteroidal anti-inflammatory drugs (NSAIDs)

Arboviruses Trimethoprim–sulfamethoxazole, amoxicillin
Mumps virus Muromonab CD3 (OKT3)
Lymphocytic choreomeningitis Azathioprine
HIV Intravenous immunoglobulin

2. Bacteria: Isoniazid
Partially treated meningitis Intrathecal methotrexate
Parameningeal infection Intrathecal cytosine arabinoside
Endocarditis Allopurinol
Mycoplasma pneumoniae Carbamazepine
M. tuberculosis Sulfasalazine
Ehrlichiosis 3. Systemic disease
Borrelia burgdorferi Collagen vascular disorders
Treponema pallidum Systemic lupus erythematosus
Brucella Wegener granulomatosis
Leptospirosis Central nervous system vasculitis

3. Fungi Rheumatoid arthritis
Cryptococcus neoformans Kawasaki’s disease
Histoplasma capsulatum Sarcoidosis
Coccidiodes immitis Leptomeningeal cancer
Blastomyces dermatitides Posttransplantation lymphoproliferative disorder
Candida Behcet disease

4. Parasites Vogt–Koyanagj syndrome
Toxoplasma gondii 4. Neoplastic disorders
Neurocysticercosis Leukemia
Trichinosis Carcinomatous meningitis secondary to primary or secondary tumours of the brain
Naeglaria 5. Inflammation of neighbouring structures
Hartmannella Brain abscess
Bartonella henselae Epidural abscess

5. Rickettsiae 6. Miscellaneous
Rocky Mountain spotted fever Arachnoiditis
Typhus Migraine

Urinary tract infection

Reproduced with permission from [1], available online at www.ijppediatricsindia.org/article.asp?issn=0019-5456;year=2005;volume=72;issue=1;
spage=57;epage=63;aulast=Kumar.
such as amoxil, trimethoprim–sulfamethoxazole (TMX)

and ibuprofen, however, especially highlighted by a

recent report [9,10,11��] of neurological symptoms due

to TMX intake in an adolescent. Overall, viral infection is

the most common form of aseptic meningitis and enter-

oviruses are the most common causes of viral aseptic

meningitis. For this reason, enteroviral aseptic meningitis

will be the major focus of this review.

Epidemiology of enteroviruses
Enteroviruses belong to the family of Picornaviridae and

are small, nonenveloped, single-stranded RNA viruses

that have been classified into 68 serotypes in the Inter-

national Committee on Taxonomy of Viruses classifi-

cation [12]. New enteroviruses are being described

based on molecular characterization and updates on

enterovirus classification can be found at the website
opyright © Lippincott Williams & Wilkins. Unauth
of the International Committee on Taxonomy of Viruses

PicornavirusStudyGroup(www.picornastudygroup.com/).

TheUSA has recentlypublished serotypedata collected on

over50 000casesofenterovirusinfectionsfrom1970to2005

reportedtotheNationalEnterovirusSurveillanceSystem –

a voluntary, passive laboratory-based surveillance pro-

gram [13��]. Some serotypes were epidemic and

associated with outbreaks, such as high rate of coxsack-

ievirus B5 and echovirus 6, 9 and 30 in various years from

2003–2005, and some serotypes were endemic throughout

the period, such as coxsackievirus A9, B3 and B4, and

enterovirus 71. While enterovirus 71 had an endemic

pattern in the USA, the serotype was associated with severe

outbreaks inTaiwanwithhand, foot andmouthdiseaseand

severe brainstem encephalitis from 1998 to 2001 [14,15].

During the outbreaks in Taiwan, some patients had

mild illness while others developed severe neurological
orized reproduction of this article is prohibited.
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syndromeanddied.Arecentpublication[16�] foundthat, in

comparisonwithenterovirus71strainisolatedfrompatients

with herpangina, the strain isolated from patients with

encephalitis was more temperature-resistant at 408C, had

moreefficientreplicationinanastrocytomacell lineandhad

better tropism for peripheral blood monocytes. All those

findingsare likely related toviral pathogenesis.Worldwide,

predominant strains of enterovirus change over time, with a

summer–fall seasonality of the infections [17,18�–20�]. On

the other hand, a persistence of enteroviral aseptic

meningitis cases in the winter of 1999 was reported in

France, which preceded a large outbreak in the spring

and summer of the following year [21]. A few studies

reported a male predominance in enterovirus infection that

was also identified in the USA for cases under 20 years old.

In a very interesting study [22��] on intrafamilial

transmission of enterovirus in 29 households in Mongolia,

there was a tendency towards higher detection rate of

enterovirus inmales thanfemales intheyoungeragegroups

and a reverse pattern in the older age group. Young siblings

were the main source of enterovirus and hand washing after

defecation protected against infection. These observations

confirm the faecal–oral and person-to-person transmission

of enterovirus. In the outbreak setting, recreational water

suchas inswimming poolshasbeensuggestedasapotential

source for enterovirus in several investigations [23,24,25�].

CSF findings in aseptic meningitis
Earlier studies suggested that more than 50% of CSF

samples in aseptic meningitis cases could have neutrophil

predominance (>50% of differential count) early in the

illness [26]. In a recent small cross-sectional study

[27,28�], however, there was no significant correlation

between the percentage of mononuclear cells in the CSF

and the duration of symptoms – a finding that contra-

dicted the previous observations that the percentage of

neutrophils in the CSF from patients with aseptic menin-

gitis decreased over time. Nucleic acid amplification tests

(NAT) are more sensitive than traditional viral culture in

the detection of enterovirus. A cross-sectional study and a

study of 34 adults with diagnosed enteroviral meningitis

or encephalitis [29,30] suggested that the recovery of

virus from CSF by NAT in patients was highest within

the first 2 days of symptoms and decreased dramatically

after 5 days of illness. Another study [31] that did not

distinguish enterovirus from other viruses identified in

CSF suggested that the recovery of virus was highest on

day 3 of illness onset. The difference in findings among

studies might be related to the variation of the sensitivity

and specificity of the various in-house NAT assays. Cost-

saving measures can be implemented at diagnostic

laboratories if CSF parameters can be established to limit

unnecessary NAT for enterovirus. Studies [32,33]

reviewing CSF parameters in enteroviral positive

samples, however, have reported high rates of normal

protein (44%) and leukocytes (9–15%). Normal CSF cell
opyright © Lippincott Williams & Wilkins. Unautho
count was more commonly observed in young infants who

would be more likely to have a lumbar puncture in their

septic work-up [20�].

Bacterial compared with viral aseptic
meningitis
Strong clinical interest in having a laboratory test that can

distinguish between bacterial and viral meningitis exists.

A study [34��] that reviewed CSF parameters from 9111

neonates of at least 34 weeks’ gestation with CSF culture

showed that 10% of neonates with bacterial meningitis

had up to 3 CSF WBC/ml, suggesting that CSF cell count

is not a reliable tool to distinguish between bacterial and

viral infection in this age group. Dubos et al. [35��], in a

retrospective cohort study of 167 patients with suspected

meningitis, identified CSF protein (�0.5 g/l) and serum

procalcitonin (�0.5 ng/ml) as the most useful laboratory

markers identifying bacterial compared with aseptic

meningitis in children aged 28 days to 16 years, with a

sensitivity and specificity for the CSF protein of 89 and

78%, respectively, and for serum procalcitonin of 89 and

89%, respectively. A few cases of bacterial meningitis

would still have been missed using these criteria, how-

ever, and serum procalcitonin is not readily available at

most centers.

Several clinical decision rules to differentiate between

bacterial and septic meningitis have been published in

the past. One of the major issues with clinical decision

rules is that the rules that were validated in one center

might not be applicable for another center [36]. In one

study [37��], five clinical decision rules were evaluated

using data from a retrospective cohort of 167 children.

The authors identified the best clinical rule as the one

described by Nigrovic et al. [2] (seizure, blood neutrophil

count, CSF Gram stain, protein and neutrophil count),

which had a sensitivity of 100% and specificity of 66%. A

major disadvantage of published clinical rules or labora-

tory assays is that they were set up to ensure that no

bacterial meningitis cases will be excluded, which

necessitates admission and treatment of a large pro-

portion of patients with aseptic meningitis with empirical

antibiotics.

Another important clinical discussion concerning diag-

nosis of bacterial compared with enteroviral meningitis is

the utility and impact on patient care of enteroviral NATs

for rapid diagnosis as compared with traditional viral

cultures that could take up to 10 days. A review [38] of

resource implications for enterovirus meningitis ident-

ified cost of hospitalization as the highest cost driver in

the overall management of cases. A modeling study [39]

assuming high sensitivity and turnaround time (TAT) for

enteroviral NAT concluded that there would be potential

cost savings with early discharge of patients with positive

NAT tests. In a retrospective study in which positive
rized reproduction of this article is prohibited.



C

Aseptic meningitis Lee and Davies 275
enteroviral NAT results were available within 48 h, there

was significant reduction in the length of stay (�30 h),

number of ancillary tests, antibiotics used (1.5-day

reduction) and re-hospitalization in enterovirus-positive

compared with enterovirus-negative patients. Patients

who tested positive for enterovirus were discharged faster

than patients with negative NAT after the NAT result

was reported (5 compared with 27 h). Of note, during the

height of the enteroviral season, there was a subgroup of

patients with long TAT of the NAT who were discharged

before the availability of the NAT results, emphasizing

the importance of having rapid TAT of results in order to

impact patient care. Another study [40] has shown a direct

correlation between the length of hospitalization and

TAT for NAT results. From a practical point of view,

a TAT of up to 24 h for NAT was required to have

significant impact on early patient discharge compared

with hospitalization [41]. Since 2003, there have been no

studies that have evaluated the cost-effectiveness of

using NAT for the diagnosis of enteroviral aseptic menin-

gitis. It is important to review this issue, as recent

advancements in molecular assays from conventional

NAT assay to real-time NAT that have higher sensitivity,

specificity, through-put and faster TAT offer more

opportunity to impact patient care [42,43,44,45�].

Alternate specimen types in the diagnosis of
enteroviral aseptic meningitis
Lumbar puncture is an invasive procedure and some

studies have explored the recovery of enterovirus in other

specimen types, such as upper respiratory swabs, stool

and blood samples, using NAT as a more sensitive

diagnostic tool. While CSF samples were more likely

than serum samples to be tested positive for enterovirus

in a large-scale study [46] of 1061 infants younger than

90 days who had septic work-up in the emergency depart-

ment, serum and CSF were equally likely to be the only

specimen type testing positive by NAT, suggesting that

both specimen types should be collected in the investi-

gation of systemic enterovirus infection. A high degree of

discordance in serum and CSF results (40%) was

observed, but the interpretation of these results is diffi-

cult in the context of aseptic meningitis, as there was no

clinical ascertainment of the diagnosis of meningitis in

cases that tested positive in blood samples only. Using

advanced NAT, higher enterovirus viral load was found

in stool samples as compared with serum samples in a

group of 19 neonates with symptoms of sepsis and

stool samples were also found to be a good specimen

type for NAT in adults with enteroviral meningitis

[30,47]. Interestingly, all the serum samples in the adult

study tested negative for enterovirus by NAT, suggesting

there was a higher rate of viremia in paediatric patients

as compared with adults. Overall, there is an advantage

to submitting stool samples (and blood samples if

NAT is available at the local site) besides CSF in the
opyright © Lippincott Williams & Wilkins. Unauth
diagnosis of enteroviral meningitis. It is important to

keep in mind that the detection of enterovirus in stool

samples in the absence of blood or CSF might represent

carriage and ongoing excretion of the virus and the final

diagnosis needs to be made in the appropriate clinical

context.

Management of enteroviral aseptic
meningitis
The mainstay of management remains supportive treat-

ment, with no licensed drugs that are efficacious against

enteroviruses. Pleconaril is a drug that showed promise,

as it inhibits the uncoating of viral RNA and production of

progeny virions during enterovirus replication and has

good oral bioavailability [48]. A double-blind placebo-

controlled trial [49] of pleconaril in infants up to

12 months of age with suspected enterovirus meningitis

had a low rate of enrolment and confirmed the generally

short and benign course of the infection, however, and

there was a lack of demonstrable efficacy of the treat-

ment. A recently published study [50��] analysing

previous clinical trials data in patients older than 14 years

with enteroviral meningitis only showed significant

benefit in terms of shorter duration of headache

(7 compared with 9.5 days).

Conclusion
Numerous causes of aseptic meningitis exist. The

focus of diagnosis of aseptic meningitis in most

clinical settings, however, remains ruling out bacterial

meningitis or positively diagnosing enteroviral menin-

gitis through the use of culture or NATs. NATs per-

formed with a rapid TAT offer the advantage of

early positive diagnosis, leading to cost savings through

earlier hospital discharges and unnecessary ancillary

therapies. Further research is needed on specific

CSF parameters that may help to rule our bacterial

meningitis with high (>90%) certainty, as well as

reliable, easy-to-perform and inexpensive NAT kits

that can aid early diagnosis.
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Herpesviral–bacterial synergy in
 the pathogenesis of

human periodontitis
Jørgen Slots
Purpose of review

Periodontitis is an infectious disease, but the specific

mechanisms by which tooth-supportive tissues are lost

remain obscure. This article proposes an infectious disease

model for periodontitis in which herpesviral–bacterial

interactions assume a major etiopathogenic role.

Recent findings

Epstein–Barr virus type 1, cytomegalovirus and other

herpesviruses occur at a high frequency in aggressive

periodontitis lesions. Also, herpesvirus-infected

periodontitis lesions tend to harbor elevated levels of

classic periodontopathic bacteria, including

Porphyromonas gingivalis, Dialister pneumosintes,

Prevotella intermedia, Prevotella nigrescens,

Campylobacter rectus, Treponema denticola and

Actinobacillus (Aggregatibacter) actinomycetemcomitans.

Summary

Conceivably, a herpesvirus active infection in the

periodontium impairs local defenses, thereby permitting

overgrowth and increased aggressiveness of

periodontopathic bacteria. In turn, periodontal pathogenic

bacteria may augment the virulence of periodontal

herpesviruses. It is suggested that interactions among

herpesviruses and specific bacterial species constitute an

important pathogenetic feature of periodontitis and maybe

also of various non-oral infections.
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Introduction
Periodontal disease represents a variety of clinical mani-

festations of infectious disorders affecting the tooth-

supporting tissues. Traditionally, periodontal disease is

divided into gingivitis and periodontitis. Gingivitis refers

to an inflammatory disease that is limited to the gingiva

with no clinical evidence of the loss of periodontal liga-

ment fibers or alveolar bone, and with periodontal pocket

depths typically ranging from 2 to 4 mm. Periodontitis

denotes an inflammatory destruction of the periodontal

ligament and supporting bone, and the disease affects

approximately 30% of US adult individuals. Periodontitis

patients often have a history of sporadic advancing disease

interspersed with periods of disease stability that may last

for several years. The burst-like progression of period-

ontitis reflects the opposing actions of aggressive infectious

agents and protective host immune responses. Some

periodontitis patients experience almost continuously

advancing disease that eventually leads to tooth mobility

and possibly tooth loss.

The significance of bacteria in the development of

virtually all types of periodontal disease is indisputable.

Culture and culture-independent molecular studies have

identified at least 700 bacterial species in the human oral

cavity and over 400 bacterial species in the periodontal

pocket, and any particular individual may harbor approxi-

mately 100–200 oral bacterial species [1]. It is also clear

that relatively few bacterial species are legitimate patho-

gens of periodontitis. Important periodontopathic bacteria

include Gram-negative anaerobic rods (Porphyromonas
gingivalis, Tannerella forsythia, Dialister pneumosintes) and

facultative rods [Actinobacillus (Aggregatibacter) actinomyce-
temcomitans] [2,3]. Organisms of probable periodontopathic

significance are Prevotella intermedia, Prevotella nigrescens,
Campylobacter rectus, Micromonas micros, Fusobacterium
species, Eubacterium species, b-hemolytic streptococci,

Treponema species, and perhaps Candida, staphylococci,

enterococci, pseudomonas, and various enteric rods [4].

During the past decade, herpesviruses have emerged as

putative periodontal pathogens [5]. Of the eight known

human herpesvirus species, Epstein–Barr virus (EBV) and

type 1 human cytomegalovirus (HCMV) seem to play a

major pathogenic role in aggressive periodontitis.

As herpesviruses and anaerobic bacteria are both closely

associated with periodontitis, it may be that these

two types of infectious agents act cooperatively in the
rized reproduction of this article is prohibited.
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Table 1 Herpesviruses in gingival biopsies from periodontitis

and clinically healthy sites
a

Herpesviruses
Periodontitis
(14 subjects)

Healthy
periodontium
(11 subjects)

P
(x2 test)

Herpes simplex
virus type 1

8 (57)b 1 (9) 0.04

Epstein–Barr
virus type 1

11 (79) 3 (27) 0.03

Human cytomegalovirus 12 (86) 2 (18) 0.003
Human herpes virus 6 3 (21) 0 (0) 0.31
Human herpes virus 7 6 (43) 0 (0) 0.04
Human herpes virus 8 4 (29)c 0 (0) 0.17

a Adapted from Contreras et al. [9].
b No. (%) of virus-positive samples.
c Three patients were confirmed HIV-positive.
breakdown of periodontal tissues. This article proposes a

model for aggressive periodontitis that is based on a

combined herpesviral–bacterial causation of the disease.

Emphasis is placed on the possible role of EBV and

HCMV in the development of human periodontitis.

Herpesviruses
Herpesviruses are composed of a double-stranded DNA

genome and a host-derived envelope, and can occur in a

latent and an active stage. EBV infects mainly B-lympho-

cytes, in which it establishes latency [6�]. HCMV infects

several cell types and establishes latency in macrophage-

granulocyte progenitor cells and in peripheral blood

mononuclear cells [5]. Reactivation of herpesviruses

may occur spontaneously or as a result of concurrent

infection, fever, drugs, tissue trauma, emotional stress,

exposure to ultraviolet light, or other factors impairing the

host immune defense. Herpesvirus reactivation causes

further immunosuppression. Herpesvirus infections show

a distinct tendency to cellular and tissue tropism.

Most individuals become infected with herpesviruses

early in life, and between 60 and 100% of adults are

carriers of EBV and HCMV [5]. The clinical outcome of

herpesvirus infections ranges from subclinical or mild

disease to encephalitis, pneumonia and other potentially

lethal infections, and even to cancer, including lym-

phoma, sarcoma and carcinoma [5]. EBV is the causative

agent of infectious mononucleosis and oral hairy leuko-

plakia, and is implicated in the etiology of nasopharyn-

geal carcinoma and various lymphomas [6�]. HCMV is

of major clinical significance in pregnant women,

newborn infants with congenital infection, immuno-

suppressed transplant patients, and HIV-infected indi-

viduals [5].

Herpesvirus infections induce strong antiviral innate and

adaptive immune responses, which, although incapable

of eradicating the infection, are generally effective in

controlling viral replication and preventing clinical

disease [5]. The cellular immune response plays a key

role in controlling herpesviral infections by means of

major histocompatibility complex class I-restricted

cytotoxic CD8 T lymphocytes that recognize viral pep-

tides on the surface of infected cells. Infants and children

infected with EBV–HCMV dual infection may experi-

ence markedly stronger T-lymphocyte responses and

more severe disease than children mono-infected with

either of the viruses [7]. In order to evade antiviral

immune responses, herpesviruses encode genes that

interfere with the activation of major histocompatibility

complex class I and class II-restricted T lymphocytes and

natural killer cells, modify the function of cytokines

and their receptors, interact with complement factors,

and modulate signal transduction and transcription factor

activity and other cellular functions [8].
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Herpesviruses in periodontal disease
The occurrence of herpesviruses and selected period-

ontopathic bacteria in various types of periodontal disease

has been studied by means of qualitative and quantitative

polymerase chain reaction identification techniques [5].

Table 1 shows the distribution of various herpesviruses in

periodontitis lesions [9].

Localized juvenile (aggressive) periodontitis debuts at

puberty, is confined to permanent incisors and first

molars, affects mainly black individuals, and has a

familial predisposition. In Afro-Caribbean individuals

living in Jamaica, the presence of EBV, HCMV and

P. gingivalis was determined in subgingival plaque from

15 adolescents with localized juvenile periodontitis,

20 adolescents with incidental periodontal attachment

loss, and 65 randomly selected healthy adolescents [10].

The most parsimonious multivariate model for localized

juvenile periodontitis included HCMV [odds ratio (OR)

6.6] and P. gingivalis (OR 8.7). The odds of having

localized juvenile periodontitis increased multiplica-

tively in individuals with HCMV–P. gingivalis com-

bined occurrence (OR 51.4), compared with the odds

associated with harboring neither of the two infectious

agents [10]. HCMV and P. gingivalis were thus inde-

pendently and strongly associated with localized juven-

ile periodontitis in Jamaican adolescents, and HCMV

and P. gingivalis seemed to act synergistically to influ-

ence the risk of both the occurrence and the extent

of disease.

The relationship between HCMV activation and

disease-active versus disease-stable periodontitis sites

was studied in 11 localized juvenile periodontitis

patients aged 10–23 years living in Los Angeles [11].

HCMV transcript of the major capsid protein, a feature

consistent with viral activation, was detected in the deep

periodontal pockets of all five HCMV-positive patients

with early periodontitis (aged 10–14 years), but in only

one of three HCMV-positive patients older than 14 years,

and not in any shallow pocket tested. In addition,
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Table 2 Epstein–Barr virus type 1 and human cytomegalovirus

in acute necrotizing ulcerative gingivitis and normal periodontal

sites of Nigerian children suffering from malnutritiona

Herpesviruses

ANUGþ
malnutrition

(22 subjects)

Normal
periodontiumþ

malnutrition
(20 subjects) P (x2 test)

EBV-1 6 (27.3)b 1 (5.0) 0.13
HCMV 13 (59.0) 0 (0) <0.001
EBV-1/HCMV

co-infection
8 (36.4) 0 (0) 0.009

ANUG, acute necrotizing ulcerative gingivitis; EBV-1, Epstein–Barr virus
type 1; HCMV, human cytomegalovirus.
a Adapted from Contreras et al. [17].
b No. (%) of virus-positive samples.
HCMV activation was found exclusively in periodontal

sites with radiographic evidence of ongoing periodontal

bone breakdown. Furthermore, juvenile periodontitis

sites revealing HCMV transcript were more heavily

infected with A. actinomycetemcomitans, a major pathogen

of the disease [12,13], than sites showing a latent HCMV

infection. Herpesvirus-like virions have also been

identified electron-microscopically in localized juvenile

periodontitis lesions [14]. Ting et al. [11] hypothesized

that during the root formation of permanent incisors and

first molars at 3–5 years of age, an HCMV active infection

in tissue surrounding the tooth germ might have altered

the root surface structure, thereby increasing the

susceptibility to future periodontal breakdown. HCMV

infections in infants are able to cause changes in

tooth morphology [15], and teeth affected by localized

juvenile periodontitis frequently show cemental hypo-

plasia [16]. At the debut of puberty, hormonal changes

may then cause a reactivation of periodontal HCMV

or other herpesviruses, the effect of which may be

an overgrowth of periodontopathic bacteria and a

subsequent breakdown of tissue around teeth with a

previously damaged periodontium.

Herpesviruses have been associated with rare types of

aggressive periodontitis in young individuals [5]. In a

Hopi Indian population, a single adolescent presented

generalized juvenile periodontitis and was the only study

subject demonstrating a periodontal EBV-1–HCMV dual

infection. One patient with Papillon–Lefèvre syndrome

periodontitis also presented periodontal EBV-1–HCMV

dual infection. One patient with Fanconi’s anemia

presented herpes simplex virus–HCMV dual infection

in advanced periodontitis lesions.

Acute necrotizing ulcerative gingivitis (ANUG) affects

immunocompromised, malnourished and psychosocially

stressed young individuals, and may occasionally spread

considerably beyond the periodontium and give rise to a

life-threatening infection termed ‘noma/cancrum oris’. In

Nigerian children 3–14 years of age, a significantly higher

prevalence of herpesviruses was detected in ANUG

lesions of malnourished children than in periodontal sites

of malnourished but periodontally normal children

(Table 2) [17]. In Europe and the United States, ANUG

affects mainly adolescents, young adults and HIV-

infected individuals, and almost never young children.

The earlier occurrence of ANUG in Africa may be

the result of an acquisition of herpesviruses in early

childhood [18], impaired immune defenses caused by

malnutrition [19], and a periodontal presence of highly

virulent bacteria [20].

Periodontitis in HIV-infected patients may resemble that

of periodontitis of non-HIV-infected individuals, or be

associated with profusely gingival bleeding or necrotic
opyright © Lippincott Williams & Wilkins. Unautho
gingival tissue. HIV-induced immunosuppression facili-

tates herpesvirus reactivation. EBV type 2 occurs with

high frequency in HIV-infected individuals [21], and was

detected in 57% of biopsies from HIV periodontitis

lesions, but was absent in non-HIV periodontitis biopsies

[22]. HCMV DNA was identified in 81% of HIV-associ-

ated periodontitis lesions and in 50% of the non-HIV

periodontitis lesions, and was the most common herpes-

virus identified [22]. In HIV-infected individuals, HCMV

has also been implicated in acute periodontitis [23],

periodontal abscess formation and osteomyelitis [24],

and refractory chronic sinusitis [25]. Human herpes virus

8 was detected in periodontitis lesions of 24% of HIV-

infected individuals with no clinical signs of Kaposi’s

sarcoma, but was not identified in any periodontitis site of

non-HIV-infected individuals [26]. In HIV-infected

individuals, herpes simplex virus, EBV, HCMV and

human herpes virus 8 genomes are frequently present

in the saliva [27,28], and have been related to ulcerative

oral lesions [29–32] and widespread gingival and mucosal

inflammation [30]. The clinical characteristics of HIV-

associated periodontal pathoses and the high rate of oral

herpesviruses in HIV patients are consistent with the

involvement of herpesvirus active infections in these

diseases.

Herpesvirus–bacterium–host response
interactions in periodontitis
A herpesvirus periodontal infection has the potential to

increase the level and the pathogenicity of specific

periodontopathic bacteria. In a study of 140 adults with

gingivitis or periodontitis [33], periodontal EBV-1 and

HCMV were related to the elevated occurrence of

the pathogens P. gingivalis, P. forsythia, P. intermedia,

P. nigrescens and Treponema denticola (Table 3). In 16 adult

patients, who each contributed specimens from two

disease-active and two disease-stable periodontitis sites

of similar pocket depth, EBV, HCMV and EBV–HCMV

co-infection were significantly associated with disease-

active periodontitis [34]. Significant associations were

also found between D. pneumosintes, P. gingivalis and

D. pneumosintes–P. gingivalis co-infection and the presence
rized reproduction of this article is prohibited.
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Table 3 Associations between Epstein–Barr virus type 1, human

cytomegalovirus and periodontopathic bacteriaa

Herpesviruses Bacteria or disease Odds ratio P values

EBV-1 Severe periodontitis 5.1 0.05
P. gingivalis 3.4 0.01
P. gingivalisþP. intermedia 4.4 0.005
P. gingivalisþT. denticola 4.2 0.004
P. gingivalisþT. forsythia 3.8 0.006
P. gingivalisþP. nigrescens 2.7 0.05
P. gingivalisþT. forsythia
þT. denticola

4.1 0.005

P. gingivalisþP. nigrescens
þT. denticola

3.3 0.03

HCMV Severe periodontitis 4.7 0.03
P. gingivalisþP. nigrescens 3.2 0.01
P. gingivalisþP. nigrescens
þT. denticola

2.6 0.05

P. gingivalisþT. forsythia
þP. nigrescens

3.2 0.01

EBV-1, Epstein–Barr virus type 1; HCMV, human cytomegalovirus.
a Adapted from Contreras et al. [33].
of disease-active periodontitis [34]. Each periodontitis

site that demonstrated EBV-1/HCMV co-infection and

all but one site showing D. pneumosintes–P. gingivalis co-

infection revealed bleeding upon probing, a clinical sign

of the increased risk of progressive disease. Periodontal

HCMV showed a particularly close association with the

occurrence of D. pneumosintes [35] and P. gingivalis [36], as

well as with progressive periodontitis. As discussed

above, HCMV-associated localized juvenile periodontitis

lesions also exhibit elevated levels of P. gingivalis [10] and

A. actinomycetemcomitans [11].

The close relationship between periodontal herpes-

viruses and periodontopathic bacteria lends credence

to the notion that both types of infectious agents are

involved in the development of periodontitis. In the same

way, evidence is accumulating that otitis media [37],

respiratory tract infections [38], and other non-oral infec-

tions [39,40], which were previously thought to be solely

of bacterial origin, may be caused by viral–bacterial

combined infections.

Pathogenic mechanisms of herpesviruses in
periodontal disease
Herpesviruses may cause periodontal pathosis as a direct

result of the virus infection and replication, or as a result

of a virally induced impairment of the host defense.

Herpesvirus-mediated periodontopathogenicity may take

place through at least five mechanisms, operating alone or

in combination.

First, herpesviruses may cause a direct cytopathic effect

on fibroblasts, keratinocytes, endothelial cells, inflamma-

tory cells such as polymorphonuclear leukocytes, lym-

phocytes, macrophages, and possibly bone cells. These

cells are key constituents of inflamed periodontal tissue.

Herpesvirus-induced cytopathic effects may also hamper
opyright © Lippincott Williams & Wilkins. Unauth
tissue turnover and repair. It is likely that the early stages

of periodontitis in immunologically naive hosts mainly

comprise cytopathogenic events, whereas most clinical

manifestations in immunocompetent individuals are

secondary to cellular or humoral immune responses.

Second, herpesvirus active infection may significantly

impair cells involved in the periodontal defense,

thereby triggering an overgrowth of periodontal patho-

genic bacteria [5]. Herpesvirus active infection may

predispose to secondary infections by generating

antineutrophilic antibodies and neutropenia, and by

inducing abnormalities in adherence, chemotaxis, pha-

gocytic, oxidative, secretory, and bactericidal activities

of polymorphonuclear leukocytes [41]. Polymorphonuc-

lear leukocytes are of major importance in controlling

periodontal infections. EBV and HCMV can also infect

and alter functions of monocytes, macrophages and

lymphocytes in periodontitis lesions. EBV may act as

a potent polyclonal activator of B lymphocytes, capable

of inducing the proliferation and differentiation of

immunoglobulin-secreting cells, features that can be

observed in progressive periodontitis.

The interaction between herpesviruses and bacteria may

be bidirectional, however, with bacterial enzymes or other

inflammation-inducing products having the potential to

activate periodontal herpesviruses (the vicious circle

concept). As an example, mice infected with murine

cytomegalovirus (MCMV)–P. gingivalis exhibit signifi-

cantly higher mortality rates than mice infected with

MCMV, P. gingivalis or MCMV–Escherichia coli [42].

The increase in cytomegalovirus pathogenicity may result

from an ability of P. gingivalis to suppress interferon-g

antiviral host responses [42].

Third, HCMV can infect and multiply in cultured human

gingival tissue [43], and may thereby enhance the attach-

ment and colonization of pathogenic bacteria. Viral pro-

teins expressed on eukaryotic cell membranes may act as

bacterial receptors and generate new bacterial binding

sites. Also, the loss of virus-damaged epithelial cells may

expose the basement membrane and the surface of regen-

erating cells, providing new sites for bacterial binding.

Fourth, herpesvirus infections induce an expression of

proinflammatory cytokines and chemokines [44]. EBV

and HCMV infection can upregulate interleukin-1b and

tumor necrosis factor-a gene expression of monocytes and

macrophages [44]. In turn, interleukin-1b and tumor

necrosis factor-a may upregulate matrix metalloprotei-

nase, downregulate tissue inhibitors of metalloproteinase,

and mediate periodontal bone destruction. High levels of

proinflammatory cytokines in periodontal sites have been

associated with an enhanced risk of periodontal tissue

destruction [45].
orized reproduction of this article is prohibited.
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Fifth, herpesviruses may produce tissue injury as a result

of immunopathological responses [5]. EBV infection

induces the proliferation of cytotoxic T lymphocytes,

whose major purpose is to recognize and destroy virally

infected cells, but which may secondarily hamper aspects

of the periodontal immune response. EBV-infected B

lymphocytes may shed viral structural antigens that result

in the production of blocking antibodies, immune

complex formation, and T-suppressor cell activation.

HCMV can induce cell-mediated immunosuppression

by downregulating the cell surface expression of major

histocompatibility complex class I molecules, thereby

interfering with the cytotoxic T lymphocyte recognition

of virus-infected cells. In addition, HCMV can cause

decreases in circulating CD4 cells and increases in

CD8 suppressor cells. Maybe as the result of a herpesvirus

periodontal infection, aggressive periodontitis lesions

contain fewer overall viable cells, more T-suppressor

lymphocytes, and more B lymphocytes (EBV effect)

than chronic periodontitis lesions or healthy periodontal

sites [46].

Conclusion
Several lines of evidence implicate herpesvirus species in

the etiology or pathogenesis of human periodontal

disease. These include the following: (1) the presence

of nucleic acid sequences of EBV-1, HCMV and other

herpesviruses in aggressive periodontitis lesions of chil-

dren, adolescents, and adults; (2) an association between

periodontal HCMV-active infection and disease-active

periodontitis; (3) an association between herpesviruses

and ANUG in malnourished African children; (4) the

increased frequency of periodontopathic bacteria in her-

pesvirus-positive periodontitis lesions; (5) the detection

of nucleic acid sequences of herpesviruses in inflamma-

tory periodontal cells; (6) the probable profound effect

of herpesviral infection on periodontal defense cells; and

(7) the potential of herpesviruses to augment the expres-

sion of tissue-damaging cytokines and chemokines in

periodontal cells.

Herpesviruses have been suggested to play a major role as

activators of the periodontal disease process. The notion

of herpesviral–bacterial interactions in the etiopathogen-

esis of periodontitis may elucidate some of the clinical

characteristics of the disease. An alteration between

prolonged periods of latency interrupted by periods of

activation of herpesvirus infections may be partly respon-

sible for the burst-like episodes of periodontitis disease

progression. Tissue tropism of herpesvirus infections may

help explain the localized pattern of tissue destruction in

periodontitis. Frequent reactivation of periodontal

herpesviruses may account for the rapid periodontal

breakdown in some patients even in the presence

of relatively little dental biofilm. The absence of herpes-

virus infection or viral reactivation may occur in individ-
opyright © Lippincott Williams & Wilkins. Unautho
uals who harbor periodontopathic bacteria while still

maintaining periodontal health or minimal disease.

Periodontitis is a multifactorial disease that probably is

contingent upon the simultaneous occurrence of several

infectious disease events, including: (1) adequate

herpesvirus load (gingivitis level) in periodontal sites;

(2) the activation of herpesviruses in the periodontium;

(3) an inadequate protective antiviral cytotoxic

T-lymphocyte response; (4) the presence of specific

periodontal pathogenic bacteria; and (5) an inadequate

protective antibacterial antibody response. In most

individuals, these five suggested pathogenic determi-

nants of periodontitis may collaborate in detrimental

constellations relatively infrequently and mainly during

periods of suppressed immune response.

Basic research on herpesvirus infections may benefit from

the finding of herpesviruses in periodontal disease. One

difficulty in herpesvirus research is the unavailability of

readily accessible study material, especially in systemically

healthy individuals with latent herpesviral infections. As

viral samples can be collected in a non-invasive manner

from the periodontium, herpesvirus-infected periodontal

sites may constitute a valuable research model for studying

the pathophysiology of herpesvirus latency and reactiva-

tion, as well as herpesvirus interactions with bacterial

pathogens.
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Purpose of review

Leptospirosis is among the most important zoonotic

diseases worldwide. Completion of the genomic

sequences of leptospires has facilitated advances in

diagnosis and prevention of the disease, and yielded insight

into its pathogenesis. This article reviews this research,

emphasizing recent progress.

Recent findings

Leptospirosis is caused by a group of highly invasive spiral

bacteria (spirochetes) that can infect both people and

animals. Spirochetes can survive in the environment and

host, and therefore outer membrane and secretory proteins

that interact with the host are of considerable interest in

leptospire research. The genetic approach to studying

pathogenesis is hindered by fastidious growth of

pathogenic leptospires. Integrated genomic and proteomic

approaches, however, have yielded enhanced

understanding of the pathogenesis of leptospirosis.

Furthermore, studies of innate immune response to the

organism have enhanced our understanding of host

susceptibility and resistance to infection. In-silico analysis

and high-throughput cloning and expression have had major

impacts on efforts to develop vaccine candidates and

diagnostic reagents.

Summary

In the future, we must effectively utilize the wealth of genetic

information to combat the disease. More studies into

genetics, immune mechanisms that may be exploited to

prevent leptospirosis, and pathogenesis of the disease are

necessary.
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Introduction
Leptospirosis is a serious worldwide zoonotic disease that is

caused by infection with Leptospira spp. Leptospires are

Gram-negative spirochetes that comprise 24 serogroups

and 250 serovars [1]. Infection of animals and humans leads

to a variety of adverse effects, including chronic interstitial

nephritis, mastitis, myocarditis, and hemolytic crisis,

resulting in multiorgan failure [2]. Infection can also be

asymptomatic, with the only sign being bacteriuria [2].

Leptospira-associated uveitis is relatively common in horses

and humans [3–5], and a case report of Leptospira-induced

meningitis was recently published [6]. Leptospirosis has

been identified as a re-emerging infectious disease,

particularly in Nicaragua, Brazil, India and Malaysia,

and in other tropical and subtropical regions [7].

In contrast to the study of many bacterial pathogens, use

of genetic and molecular biologic approaches in patho-

genic Leptospira is difficult. Fortunately, completion of

the genomic sequence of leptospires has revealed a

number of interesting features [8–10]. This information,

however, is not sufficient to determine the role played by

a gene product during the various phases of the patho-

genic cycle.

Pathogenicity of leptospires
The molecular mechanisms underlying the patho-

genicity of Leptospira spp. are not well understood;

however, several virulence determinants such as surface

proteins, lipopolysaccharide, motility and chemotaxis,

and secretory proteins have been characterized. This

enables pathogenic spirochetes to penetrate host tissue

barriers during infection [11] and to establish successful

niches in the tissue. Interestingly, there is a genomic

island in the genome of pathogenic strain Lai but not in

serovar Copenhagani [12].

Immunogens and surface proteins of leptospires

Study of outer membrane proteins is essential because

leptospires utilize membrane proteins extensively during

infection. The extraction of leptospiral membrane

proteins using Triton X-114 revealed the presence of

various lipoproteins [13]. A number of outer membrane

proteins/lipoproteins including OmpL1, LipL32, LipL36,

LipL41, LipL45, LipL48, and LigA have been cloned and

characterized [14–26]. Leptospires can survive outside as

well as inside the host, and some of the outer membrane

proteins have been found to be differentially regulated

between in-vivo and in-vitro conditions. For example,

lipoprotein LipL36 is present in in-vitro cultures but it
rized reproduction of this article is prohibited.
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is downregulated in vivo [27]; also, LigA, Qlp42, LipL32,

and Loa22 have been found to be upregulated during

infection [19,24,28,29��]. LipL32 triggers an inflammatory

response in renal proximal tubule cells of mouse through

a mechanism involving nuclear factor-kB and Toll-like

receptor (TLR)2 [30,31,32�]. Novel immunogenic

proteins such as LfHA, LruA, and LruB have been identi-

fied and characterized [33,34��]. A fibronectin-binding

protein produced only by virulent strains has been

reported to play an important role in adhesion [35].

Motility and chemotaxis

The L. interrogans genomes of both serovars Copenhageni

and Icterohaemorrhagiae contain at least 79 motility-

associated genes, including orthologs for gliding motility

[36]. Similar to other spirochetes, L. interrogans uses FlaA

sheath protein and FlaB core protein as essential com-

ponents of its endoflagellar filament [36]. Motility and

chemotaxis encoding genes of L. interrogans, Treponema
pallidum and Borrelia burgdorferi are well conserved

among 42 genes. Genomic analysis indicated that the

chemotaxis system of L. interrogans is more complex

than that of either T. pallidum or B. burgdorferi. The

reason for the greater number of motility-associated

genes in L. interrogans than in other spirochetes is not

clear.

Lipopolysaccharide

Leptospiral lipopolysaccharide has a composition similar

to the lipopolysaccharide of other Gram-negative bacteria

[37], but it has lower endotoxic activity [38,39]. Changes

in lipopolysaccharide of pathogenic leptospires has been

reported to affect the lethality of infection [40]. The

genetic basis for serologic differences among serovars

of Leptospira is attributed in part to the effect of lepto-

spiral lipopolysaccharide. The lipopolysaccharide of

L. interrogans is a structurally unique molecule of relatively

low toxicity [41] that activates macrophages in a distinct

manner [42]. The O-antigen component of Leptospira
lipopolysaccharide mainly contains rhamnose biosyn-

thetic cluster (rfb locus), and it is well characterized in

six serovars of Leptospira [10,36,41]. The 30 end of rfb
locus is highly conserved, whereas the 50 end exhibits

clear genetic differences between serovars [43–46].

Although lipopolysaccharide elicits the production of

agglutinating opsonin and protective antibodies in

animals, these do not confer effective cross-protection

against the various serovars [45,46].

The uniqueness of leptospiral lipopolysaccharide in

comparison with Gram-negative bacteria is that it triggers

the innate system through TLR2 [42]. Recently, the

resistance of mice to Leptospira infection was found

to be due to efficient recognition of murine cells

through TLR2 and TLR4, which eventually provide

an effective innate immune response to this pathogen
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[42]. In contrast, the lack of efficient recognition of

leptospiral lipopolysaccharide by human TLR4 may lead

tosusceptibility toLeptospira infection inhumans[47].The

role played by TLR4 in determining the clinical outcome

of infection has been established in vivo using a

murine model [48]. The TLR4-dependent pathway of

the innate immune response therefore plays a vital role

in protection against death in severe murine leptospirosis,

and in controlling leptospiral proliferation during chronic

infection.

Secretory proteins

The production of toxins by pathogenic leptospires was

primarily identified by Arean et al. [49]. Hemolysin from

serovar Lai has been reported to play an important role in

pore formation, and the gene that encodes this hemolysin

is located upstream of the gene encoding sphingomyelin,

which is another secretory protein that influences

hemolytic activity [50,51]. It has also been reported

that the hemolytic activities of hemolysin and sphingo-

myelin are additive [50,51]. Their interactions with host

cells are unclear, however. Genomic sequences also

suggest the leptospires may express numerous novel

secretory proteins, such as protease and collagenase,

among others, but the unique functions of these proteins

in pathogenesis remain to be determined.

Adhesion and invasion

Attachment of bacteria to host cells is the first step in

the establishment of infection [52,53]. The ability of

L. interrogans to cause disease is both complex and multi-

factorial [54–56]. Barocchi et al. [57] reported that rapid

translocation of leptospires across tissues might be due to

virulence factors, which distinguished pathogens from

nonpathogens. Studies have shown that leptospires enter

both phagocytic as well as nonphagocytic cells [58–60].

The interaction of leptospires with cultured fibroblasts,

and microglial, endothelial and epithelial cells indicates

that surface molecules of leptospires play an important

role in attachment and invasion [61–63]. A 36 kDa

fibronectin-binding protein is an important adhesion

protein that is responsible for virulence in leptospires

[35]. A 24 kDa lipoprotein was recently reported to bind

laminin [64�]. Expression of Lig proteins upon infection

and their homology with cell binding proteins such as

intimin from Escherichia coli and invasin from Yersinia
spp. [65–67] suggest that Lig proteins are also among

the adhesion molecules present on the surface of lepto-

spires [21,23,24]. Genomic sequencing revealed that

L. interrogans possesses several genes that are related to

attachment to and invasion of eukaryotic cells (mce, invA,

atsE, and mviN) [10]. The functions of these leptospiral

proteins require elucidation, however.

Well known pathogens, including Salmonella spp., Yersinia
spp., E. coli, and Shigella spp., enter mammalian cells by
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various mechanisms [68–75]. Spirochetes such as B. burg-
dorferi and T. pallidum disseminate through interjunctional

spaces [76,77] or through the cell membrane, but studies of

leptospires have yielded disparate findings with respect to

cellular localization [54,58,59,78–80]. Spirochetes have

been considered to be more evolved than other bacteria

because of their ability to change their physical/chemical

properties [81]. An understanding of the mechanism

by which L. interrogans attaches and invades mammalian

cells would be a great step forward in our knowledge

of leptospirosis.

Genetic studies of Leptospira spp.
Genetic manipulation of pathogenic Leptospira is difficult

because of the restriction–modification system in Leptos-
pira spp. [82]. The replication of LE1 bacteriophage,

however, as a plasmid in nonpathogenic L. biflexa led to

the construction of an L. biflexa–E. coli shuttle vector

using the ori site from the bacteriophage [83,84]. The

insertional inactivation of the genes encoding flagellin

and recA using the shuttle vector provided the first

mutant of nonpathogenic L. biflexa [85]. Although this

shuttle vector was successfully used to delete the genes

encoding flagellin and recA flagellin in a nonpathogenic

Leptospira spp., further study is urgently needed to

establish allelic exchange techniques in pathogenic

Leptospira spp. It was recently shown that a kanamycin

resistance cassette interrupted the tryptophan biosyn-

thetic gene trpE of the spirochaete L. meyeri by homologous

recombination [86].

Importance of host-induced genes
Infection processes have been determined to be coordi-

nately regulated or stimulated by host factors encoun-

tered in vivo, and these were found to be mulitifactorial

and dynamic [87]. Consequently, a gene that appears

important in in-vitro studies may not be important in vivo,

and genes that appear unimportant in an in-vitro assay

may play a vital role in infection [88]. The spirochetal

proteins are differentially expressed, presumably for

the purposes of adapting to different environmental

conditions [28,89,90]. Genes expressed in vivo are most

likely to encode virulence-associated factors or products

essential for survival within host cells [91,92]. It has been

confirmed that culture of pathogenic leptospires in med-

ium that does not mimic in-vivo conditions leads to loss of

virulence [93], but inoculation of these leptospires into

susceptible animals restored virulence. For example,

LigA was primarily identified by immunoscreening a

genomic library of the L. interrogans serovar Pomona

strain kenniwicki, using naturally infected equine serum

samples [24]. These Lig proteins have not been ident-

ified in animals infected with killed leptospiral proteins,

however [21]. Recently, sphingomyelinase-like protein

was also been found to be expressed in vivo only [94].

The molecular pathogenesis, environmental signals
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encountered, and genes specifically induced within the

host are yet to be unraveled.

A variety of in-vitro systems have been developed to

mimic certain aspects of infectious processes for the

purposes of virulence gene expression [95]. Recently,

new technologies such as in-vivo selection technology

[96], signature tagged mutagenesis [97], differentiation

fluorescence induction [98,99], and subtractive hybridiz-

ation were developed to study gene regulation and

function in micro-organisms in situ. Unfortunately,

these in-vivo technologies require modification before

they may be applied to the study of pathogenic

Leptospira spp.

Genomic and proteomic approaches:
appropriate tools to study Leptospira
pathogenicity
The genomic sequences of L. interrogans serovar Ictero-

haemorrhagiae (Lai strain) and L. interrogans serovar

Copenhageni strain Fiocruz L1–130 indicate that there

is no plasmid in Leptospira spp. [10,36]. The recently

released genomic sequence of L. borgpetersenii has a lower

coding density than that of L. interrogans, indicating

genomic reduction in L. borgpetersenii [8].

There are many gaps in our knowledge of leptospiral

pathogenicity, and genetic and molecular approaches

to identifying environmentally regulated or in-vivo

expressed/induced genes are necessary in this

spirochete [89]. The new field of integrated genomics

and proteomics, however, may help us to elucidate

leptospiral pathogenicity at the genome level. In recent

years numerous reports have been published on the use

of transcriptomics to conduct genome-wide screening

of extracellular pathogens such as Helicobacter pylori
[100,101], Yersinia entercolitica [102], B. burgdorferi
[103–105] and other intracellular pathogens [106–109].

Only few studies on leptospires have been reported,

however. Bioinformatic and transcriptomic studies in

pathogenic leptospires have predicted that there are 226

genes that could be exploited in candidate vaccines [110].

Global approaches using proteomic studies have also led

to the identification of novel genes that are involved

in host–bacterium interaction [14,29��,40], but novel

secretory proteins of pathogenic leptospires have not yet

been globally characterized. Analyzing culture super-

natants of Pseudomonas aeroginosa, Staphylococcus aureus,
and H. pylori using proteomics led to the identification

of numerous novel secretory proteins [111–113]. Further

studies into functional aspects by applying both proteomic

and transcriptomic tools to leptospires grown at different

temperatures [114], in media containing iron [115�], or

to in-vivo cultivated leptospires will enhance our knowl-

edge on the pathogenicity of Leptospira spp. and will
rized reproduction of this article is prohibited.
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provide us with clues that may lead to novel vaccine

candidates.

Comparative genomics is a powerful approach to eluci-

dating changes in genetic constitution that occur in a

given phenotype, including strain differences in viru-

lence modes and/or antibiotic resistance. For example,

comparison of different strains of Mycobacterium bovis
bacille Calmette-Guérin indicated genetic diversity

that probably accounted for variability in findings of

trials of vaccines against tuberculosis [116,117].

Comparison of genomic sequences of pathogens

revealed remarkable details on host restriction [118].

The genomic sequences of L. interrogans serovar

Icterohaemorrhagiae strain Lai, L. interrogans serovar

Copenhageni, and L. borgpeterseni serovar Hardjo have

been completed [8,10,36]. The basis for the phenotypic

differences between and within the species and sero-

vars has not been adequately addressed in leptospires.

Therefore, comparative genomics will provide us

with knowledge about speciation, host restriction,

and differences in genotype, which in turn will help

us to establish a strategy to control this important

zoonotic disease.

Diagnosis
A prerequisite for the control of infectious diseases is the

availability of suitable (i.e. reliable, sensitive, and inex-

pensive) diagnostic tests. The currently available micro-

scopic agglutination test (MAT) is considered the ‘gold

standard’ test, but it does not permit early diagnosis

because it relies on detection of antibodies to leptospiral

antigens and cannot detect infection until 5–7 days after

exposure. The reported sensitivity and specificity of

MAT are high, at 92% and 95%, respectively, in detecting

human leptospirosis [119]. Animal leptospirosis is

influenced by vaccine-induced antibodies, however,

and MAT has a tendency to react to vaccine-induced

antibodies and so yield false-positive results. Some of the

commercially available vaccine can raise the MAT titer

into the 3200–12 800 range [120,121], which makes it

difficult to identify true infection. Although a MAT titer

in excess of 1 : 1600 (800 in some laboratories) is con-

sidered positive for leptospirosis. Most veterinarians

use information as clinical symptoms, a four-fold rise

in MAT titers within a 2–3-week interval and also other

assays such as PCR, culture, and immunofluorescent for

the diagnosis.

The drawbacks of MAT in the diagnosis of leptospirosis

have prompted development of several other diagnostic

methods, including serologic testing by immunofluores-

cence, enzyme-linked immunosorbent assay, and Western

blot analysis. A commercially available whole cell antigen

based enzyme-linked immunosorbent assay had low sen-

sitivity [122]. Screening for immunoglobulin M antibodies
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was recently evaluated for its ability to detect human

leptospirosis, but these tests exhibited less sensitivity

compared with Leptospira MAT [123]. Several recombi-

nant antigens of leptospires have also been screened for

their potential in the diagnosis of Leptospira infection

[124–130]. Only a few papers have attempted to differ-

entiate vaccination from infection titers, however [23].

As far as animal leptospirosis is concerned, addressing

the influence of vaccination titer on the diagnostic

assay is necessary if an effective diagnostic tool is to

be developed. Human leptospirosis is not influenced by

vaccination titer, and so the antigens that are conserved

among the serovars of Leptospira could serve in an effective

diagnostic tool.

Isolation of the organism from urine or tissues of animals

is the most reliable method to confirm leptospiral infec-

tion. Culture is labor intensive, however, and days or

weeks are required for growth; furthermore, it can be

rather insensitive in detecting leptospires. Nucleic acid

amplification (PCR)-based techniques have therefore

been developed to diagnose leptospirosis [131–133].

PCR assays targeting 16S rRNA gene sequences [134]

are considered powerful methods, but the 16S rRNA

gene sequence is not sufficiently polymorphic, and a

complete 1500 base pair sequence is necessary for accu-

rate identification at the serovar level. Several assays

targeting genes such as those encoding OmpL1, DNA

gyrase, RpoB, Lig, LipL32/Hap1, putative transcrip-

tional regulator, and repetitive DNA elements have

therefore been developed [135–142]. A new multiplex

PCR assay to differentiate pathogenic and saprophytic

leptospira has also been developed [143]. Real-time,

quantitative TaqMan PCR or with molecular beacons

has also been reported to detect leptospires [139]. PCR-

based diagnosis of leptospirosis cannot identify the

infecting serovar, which reduces its value in terms of

epidemiologic research and public health. Therefore,

several assays have been developed to overcome the

typing of Leptospira spp., such as single-strand confor-

mation analysis, restriction enzyme analysis of PCR

products, direct sequencing of amplicons, low-stringency

single specific PCR, and multilocus variable number

tandem-repeat analysis [144].

Vaccine
Currently, there is no human vaccine against lepto-

spirosis. Most veterinarians use commercially avail-

able heat-killed or formalin-killed leptospires, which

may produce incomplete, short-term immunity. The

role of T-helper-1 immune response in immunoprotec-

tion is evident from recent studies [145,146,147��].

The increasing number of serovars, however, provides

us with a challenge to develop, a vaccine that could

confer complete cross-protection against the pathogenic

leptospires.
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Hamsters, guinea pigs, dog, mice, and cattle have been

used to study leptospiral pathogenesis and to test vaccine

efficacy [146,148–155]. Hamsters and guinea pigs are the

most common models and are recommended by both

the WHO and the European Pharmacopeia [156–158].

Studies of isolated outer membrane have retained most, if

not all, of the protective antigens found in whole-cell

vaccines [20,159,160��]. Interestingly, lipopolysaccharide

fractions confer protective immunity against homologous

but not heterologous challenges, whereas protein extract

induced significant protection against both types of chal-

lenge [161]. Thus, cross-protection within L. interrogans
was related to the protein extract. Several outer

membrane proteins/lipoproteins have been identified

[14–20,25,26]. However, the development of recombi-

nant vaccine has been demonstrated only with certain

outer membrane proteins such as LipL32, OmpL1,

LipL41, and Lig proteins. OmpL1 and LipL41 provide

only partial immunoprotection in a hamster model [20],

whereas hemolysin-associated protein 1 (Hap-1 orLipL32)

can induce a cross-protective immunity by DNA vaccine

and adenovirus-mediated vaccination but not with recom-

binant protein [159]. Lig proteins provide protection

against leptospirosis in mice and hamster models, and

appear to be the most promising vaccine candidates

[160��,162]. Its protective mechanism and protection

against heterologous challenge need to be determined,

however.

The role of cell-mediated immunity in host defense

against Leptospira spp. remains poorly understood in

both animal models and human disease. A recent study,

however, has shown that cattle immunized with killed

Leptospira vaccine have CD4þ T cells and g/dT cells that

give in-vitro proliferative responses and produce inter-

feron-g following stimulation with a Leptospira antigen

preparation [145]. Nevertheless, both animal models and

human clinical studies have provided indirect evidence

that T-cell receptor g/dþ T cells may play an important

role in host defense against bacterial, viral, and parasitic

infections [163–171]. The identification of adjuvants and

immunomodulators that can promote selective induction

of these distinct populations of T cells will provide

effective vaccines against leptospirosis.

Whole-genome sequencing of bacteria and advances in

bioinformatics has revolutionized the vaccinology field,

leading to the identification of potential vaccine candi-

dates [172]. In-silico and microarray-based genomic

approaches identified 226 open reading frames as poten-

tial vaccine candidates [110]. A combination of conserved

protective antigens may also serve as an ideal candidate

for vaccine development. In the past, DNA vaccines

encoding viral [173–175], parasitic [176], and tumor

proteins were studied in animal models. DNA vaccines
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can also be used to conduct rapid screens for protective

antigens in leptospires.

Conclusion
The available genome sequences of Leptospira spp.

reveal several interesting features of gene structure

and function. Given the importance of the disease and

lack of sufficient genetic and molecular tools, integrated

genomics and proteomics approaches will enhance our

knowledge of the pathogenicity of leptospires, and will

provide the basis for development of novel and efficient

therapeutic strategies to control this disease.
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Purpose of review

West Nile virus emerged recently in North America as a

serious human and animal pathogen. This review

summarizes the use of experimental infections with West

Nile virus in diverse vertebrate species that have been used

to answer fundamental questions about the host response,

pathogenesis of West Nile virus infection and virus

evolution.

Recent findings

West Nile virus has an extremely broad vertebrate host

range. Infection of common species of birds has defined

those with high vs. low potential to serve as amplifying hosts

for the virus. In general, mammals (primates, horses,

companion animals) are dead-end hosts for West Nile virus,

although some circumstances (i.e. immunosuppression)

may allow individuals to become capable of transmitting the

virus to mosquitoes. Some mammals (rodents, rabbits,

squirrels) and reptiles (alligators) have been found to

develop a viremia of sufficient magnitude to predict at least

low competence for infecting feeding mosquitoes. Finally,

experimental infection of rodents, horses and primates with

West Nile virus has been integral to developing and

evaluating the efficacy of West Nile virus vaccines.

Summary

Experimental infection with West Nile virus has assisted in

delineating those hosts important and not important to the

transmission cycle, in understanding how the virus induces

disease in susceptible hosts, and in validating the efficacy of

vaccines used for control of disease.
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Introduction
West Nile virus (WNV) is a mosquito-transmitted

pathogen that has been recognized since the 1930s in large

regions of the Old World, but which received little

attention as a public health or veterinary threat until its

incursion into North America in 1999 [1,2]. Since then, this

agent has spread throughout much of North, Central and

South America, causing widespread morbidity and

mortality in humans, horses and a broad range of birds.

Experimental infections with WNV have been used to

assess the potential of different species to serve as

amplifying hosts for the virus, to characterize the patho-

genesis of infection with different strains of virus, and to

evaluate the efficacy of vaccines and therapeutic agents.

Routes of transmission
The major route of transmission of WNV in nature is

through the bite of infected mosquitoes that have become

infected by ingesting a blood meal from an infected bird

[3]. Several species of Culex mosquitoes are considered the

principle and most efficient vectors of WNV throughout

the world, although other species (i.e. Aedes albopictus)
have also been shown to be highly competent for virus

transmission [4–6]. Mosquitoes used for experimental

transmission of WNV to vertebrates can be infected

by allowing them to feed on an infectious blood meal

(either spiked or from a viremic host), or more simply by

intrathoracic inoculation of virus. As has been pointed

out by several virologists, mosquitoes are not simply

little flying syringes, but purveyors of a host of

pharmacologically active substances delivered in saliva

along with virus that could potentially contribute to

pathogenesis of infection. Although it is not a universal

finding with arboviruses, there are several examples in the

literature where the dynamics of infection were different

when virus was inoculated into animals by needle vs.

mosquito bite [7,8]. A disadvantage of using infected

mosquitoes to transmit virus in experimental settings

is that one is never certain of the dose delivered [9].

Numerous experimental infections with WNV have

utilized mosquito-borne transmission, but rarely in direct

comparison to direct inoculation of virus [10–13]. A recent

study [14�] evaluated the course of infection in chickens

inoculated by needle and syringe compared to delivery

by Cx pipiens or Cx tarsalis mosquitoes. Infection by

mosquito bite resulted in more rapid development of

viremia, but ultimately a similar course of infection, and

the enhancement in early infection were largely attributed

to virus dose. Nonviremic transmission of WNV between

cofeeding mosquitoes was also demonstrated in laboratory
orized reproduction of this article is prohibited.
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experiments, with naı̈ve (‘recipient’) mosquitoes becom-

ing infected after feeding on naı̈ve mice simultaneously

with infected (‘donor’) mosquitoes [15]. Finally,

inoculation of mice with WNV by needle into a site where

uninfected mosquitoes had recently fed resulted in

higher mortality, enhanced viremia and accelerated

neuroinvasion relative to inoculation of the same dose of

WNV into mice that had not received mosquito bites [16].

Direct contact and oral transmission are two other routes

that have been investigated for transmission of WNV.

Birds that develop high-titer WNV viremia also excrete

large quantities of virus in oral and cloacal secretions

[11,17], which has been exploited as a readily sampled

source of virus for diagnosis of infection [18–20]. Housing

inoculated and noninoculated birds together in the same

cage frequently results in transmission to the latter

[11,21]. The relevance of this experimental finding to

what occurs in nature is unknown, but it is possible that

some such virus transmission may occur where birds

congregate [22]. Another potential means of WNV

transmission is through consumption of infected prey.

This has been demonstrated experimentally in cats [12],

raptors [11,17,23] and alligators [54].

Pathogenesis of West Nile virus infection:
amplifying vs. dead-end hosts
Birds are widely recognized as the most important

amplifying hosts for WNV [1] and laboratory infections

have delineated which species are likely of greatest

importance to virus transmission in nature. The import-

ance of a particular species in the WNV transmission

cycle depends upon several factors, including magnitude

and duration of viremia, and species abundance. Magni-

tude of viremia is particularly important because there is a

threshold titer of virus in blood necessary for efficient

infection of feeding mosquitoes; this threshold is not

abrupt and varies with mosquito species, but is probably

in the range of 104–105 plaque-forming units/ml of

blood [24]. Experimental infections have revealed a

continuum in magnitude of viremia among avian species,

which allows a rough classification into those that

develop low-, moderate- and high-titer viremia (Table 1)

[5,11,17,23,25–33]. Birds such as the American crow

(Corvus brachyrhynchos), blue jay (Cyanocitta cristata) and

house sparrow (Passer domesticus) that routinely develop
opyright © Lippincott Williams & Wilkins. Unautho

Table 1 Avian competence as amplifying hosts for West Nile virus

Competence
level

Typical peak viremia
in healthy adult birds

(log10 plaque-forming units/ml serum) Examples

High 9–12þ American cr
Moderate 5–8 Fish crows,

house finc
Low or absent 2–5 Doves, pige

turkeys, b
high-titer viremia are considered the most important

reservoir hosts [11,25–27]. Some experimental infection

studies of birds specifically examined the effects of

WNV in selected species, demonstrating that additional

species also experience relatively high viremia levels,

including various raptor species [17,23], greater sage

grouse (Centrocercus urophasianus) [34], Western scrub

jays (Aphelocoma coerulescens) [5] and house finches

(Carpodacus mexicanus) [5]. Greater sage grouse (a threa-

tened species), were discovered to be a noncorvid species

with particularly high morbidity and mortality rates

resulting from experimental WNV infection. Also, there

are circumstances where birds normally thought of as

incompetent hosts develop viremia sufficient to be classi-

fied as amplifying hosts. For example, adult domestic

chickens and turkeys infected with WNV develop a

low-titer viremia that is unlikely to allow transmission

to feeding mosquitoes [30–32], but the viremia experi-

enced by infected chicks can be significantly higher than

adults and are clearly sufficient to infect mosquitoes

[33,35,36]. These higher viremia levels are also associated

with increased rates of morbidity and mortality.

Among mammals, horses are the most severely affected

by natural WNV infection. Initial experimental studies

with the North American (New York 99) strain of WNV

indicated that horses develop low-titer viremia that is

frequently only intermittently detectable and that feed-

ing mosquitoes on such animals failed to result in trans-

mission [10]. The apparent incompetence of horses as

amplifying hosts for WNV has subsequently been

demonstrated in several vaccine efficacy trials [37–40].

Experimental infections of horses with WNV by subcu-

taneous inoculation or mosquito feeding has only rarely

resulted in overt clinical disease [10,37–39].

Companion animals are another group for which great

public concern was evident after WNV emerged in North

America. Experimental infection by infected mosquito

feeding indicated that both dogs and cats were readily

infected with WNV, but that neither developed signifi-

cant clinical disease or a level of viremia above 104

plaque-forming units/ml serum, suggesting that they

are unlikely to serve as amplifying hosts [12]. Subsequent

vaccine efficacy trials in dogs and cats reinforced this

conclusion [41]. Although species such as dogs are now
rized reproduction of this article is prohibited.
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considered incompetent as amplifying hosts, individual

differences may alter this general conclusion. For

example, dogs treated with glucocorticoids developed a

level of WNV viremia much higher than control dogs

[42]. Similarly, chemical immunosuppression of hamsters

also resulted in elevated viremia and high mortality [43�],

and viremia was elevated in genetically immunodeficient

mice [44].

Numerous other free-ranging and domestic mammals

have been evaluated for clinical and pathologic responses

to WNV infection with variable results. Laboratory mice

(Mus musculus) and golden hamsters (Mesocricetus auratus)
developed moderate viremia levels (mean peak viremia

levels between 104 and 106 plaque-forming units/ml

serum on 2–3 days postinfection), and experienced ence-

phalitic symptoms and death [44,45]. The hamster model

of WNV infection has proven to be particularly interest-

ing because some animals develop a persistent renal

infection and excrete an avirulent WNV in urine for

prolonged periods of time [46,47]. Others have demon-

strated that mosquitoes were either infected or poten-

tially infected by feeding on viremic cottontail rabbits

(Sylvilagus floridanus) and fox squirrels (Sciurus niger)

[48,49], although viremia levels in these animals did

not approach levels those of highly competent bird

species previously mentioned. Experimentally infected

big brown (Eptesicus fuscus) and Mexican free-tailed bats

(Tadarida brasiliensis) [50] and pigs [13] experienced

absent or low titer viremia following mosquito-mediated

WNV infection, again with no evidence of clinical

disease.

The response of primates to WNV infection is clearly of

interest because of their close relationship to humans.

Rhesus macaques [51,52] and baboons [53] infected with

the North American strain of WNV developed low-level

viremia without clinical disease.

Reptiles and amphibians have been shown to support

replication of a number of arboviruses and were of inter-

est as hosts for WNV [54]. In a survey experiment, green

iguanas (Iguana iguana), red-ear sliders (Trachymes scripta
elegans), garter snakes (Thamnophis sirtalis sirtalis) and

bull frogs (Rana catesbeiana) were inoculated with

WNV by needle or via infected mosquito bite, and,

except for turtles, low levels of virus were detected in

blood and secretions from some of each of the other

species [55]. In contrast to these species, American

alligators (Alligator mississippiensis) have been shown

to develop relatively high-titer viremia (peak viremia

levels were approximately 105–106 plaque-forming

units/ml serum) following experimental infection by

needle inoculation, consumption of infected mice or

contact with other infected alligators [56]. Viremia in

alligators was prolonged (lasting up to 14 consecutive
opyright © Lippincott Williams & Wilkins. Unauth
days of detectable viremia) in comparison to that

observed in infected mammals and birds.

Vaccine efficacy trials
Horses have been the most prominent target for WNV

vaccine development, and experimental infection of

horses has been an indispensable tool in evaluating effi-

cacy and promoting licensing of such vaccines [37–40].

In addition, most of the equine vaccines were initially

tested for their ability to protect mice from WNV

challenge [37,39]. As a prelude to human clinical trials,

a yellow fever–WNV chimeric vaccine virus was tested

for safety and efficacy against WNV challenge in Rhesus

macaques [52]. Efficacy of these vaccines was demon-

strated following either mosquito-mediated, subcu-

taneous or intrathecal/intracranial inoculation of WNV.

A canarypox-vectored WNV vaccine has also been

evaluated, and proven efficacious for protecting dogs

and cats against a mosquito-mediated WNV challenge

[41].

Given the high mortality of some bird species following

WNV infection, the need to vaccinate birds for WNV has

arisen for both valuable zoo collections, free-ranging

endangered species and, in some instances, farmed birds.

Commercial equine WNV vaccines have been widely

used in zoological collections, but little information is

available regarding protective efficacy. A DNA vaccine

previously developed for use in horses [37] was evaluated

in fish crows and American crows, and found moderately

efficacious against experimental WNV challenge [28,29].

That vaccine was then utilized in wild populations of

California condors and, although not tested in the labora-

tory, field observations support the utility of this vaccine

in protecting this endangered species [57]. On the

domestic bird front, there has been some demand for

WNV vaccines to protect young geese, particularly in

Israel, and an inactivated WNV vaccine was confirmed by

challenge to be efficacious in geese [58].

Determinants of virulence
A prominent feature of the North American strain of

WNV is its high virulence for many species of birds – a

characteristic that, with few exceptions, had not been

noted during outbreaks of infection in other parts of the

world. The obvious question was whether high avian

virulence reflected characteristics of the New York

99 strain of virus or, conversely, infection of a population

of birds that had not coevolved with this pathogen.

Although differences in avian host genetics have not

been ruled it, it is clear that the WNV that emerged in

North America is more virulent than prototype viruses

from other areas of the world. In a direct comparison,

American crows inoculated with the New York 99 strain

of WNV developed high-titer viremia associated with

universal mortality, whereas crows inoculated with
orized reproduction of this article is prohibited.
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Kenyan or Australian isolates of WNV showed signifi-

cantly lower viremia and low mortality [26]. A similar

experiment [27] conducted with house sparrows differed

in that the New York 99 and Kenyan strains of WNV

behaved similarly, while the Australian isolate was

relatively avirulent. The genetic determinants of avian

virulence for the North American strain of WNV are

not yet completely mapped, but in comparison to the

Kenyan strain, have been shown to replicate significantly

better at elevated temperatures, such as occur during

fever of infected crows [59].

Strains of WNV from around the world also differ sig-

nificantly in virulence for mice and the response of mice

to experimental infection has been studied as a surrogate

for virulence in humans. The North American strain of

WNV, along with closely related viruses from the Old

World, showed a high degree of neuroinvasiveness in

mice when compared to other WNV genotypes [60].

Genetic analyses and inoculation of mice with viruses

generated through site-specific mutagenesis revealed

that differential glycosylation of the envelope protein

was, at least in part, responsible for differences in neu-

roinvasiveness [61]. Additional potential determinants of

virulence have been identified in naturally occurring

isolates of WNV from Texas that show an attenuated

phenotype in mice [62].

Conclusion
WNV has had profound effects on human and animal

health since its emergence in North America. A multi-

tude of vertebrate species have been evaluated by exper-

imental infection with WNV in order to identify those

important to virus transmission and to characterize host

response to infection. A number of bird species suspected

of being important amplifying hosts based on field obser-

vation have been confirmed as such through experimen-

tal infection. Certain nonavian species may play an

occasional role in WNV transmission and maintenance,

but none is recognized as epidemiologically important for

the transmission cycle. WNV has become endemic

throughout much of the New World and will continue

to pose a challenge to both humans and animals.
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The role of superantigens of gro
up A Streptococcus and

Staphylococcus aureus in Kawasaki disease
Kousaku Matsubara and Takashi Fukaya
Purpose of review

Since the first suggestion of a superantigen hypothesis for

Kawasaki disease over a decade ago, debate on the

aetiology remains inconclusive. This article reviews recent

publications that address the role of superantigens of group

A Streptococcus and Staphylococcus aureus in the

pathogenesis of Kawasaki disease.

Recent findings

Over the past few years, new superantigens produced by

group A Streptococcus and S. aureus have been

increasingly identified, bringing the total known number to

more than 30. Several studies on T-cell Vb repertoires and

seroloepidemiology have demonstrated evidence for the

involvement of single or multiple superantigens produced

by the two pathogens. The associated superantigens

differed in those studies, including streptococcal pyrogenic

toxins A and C, staphylococcal enterotoxins A–C, and toxic

shock syndrome toxin 1. These disparate findings suggest

that the inflammation of Kawasaki disease does not result

from a single agent but rather a final common inflammatory

pathway in genetically susceptible individuals after

numerous infectious agents.

Summary

Certain staphylococcal and streptococcal superantigens

are suggested to be responsible for the development of

Kawasaki disease. A better understanding of the precise

role of the causative agents will lead to accurate diagnosis,

more targeted therapy and an improvement of coronary

outcomes.
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GAS g
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roup A Streptococcus

IVIG in
travenous immunoglobulin
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awasaki disease
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ajor histocompatibility complex
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Introduction
Kawasaki disease (KD) was first described by Tomisaku

Kawasaki as an acute febrile mucocutaneous lymph node

syndrome in the Japanese literature in 1967 [1]. With the

subsequent English language report published in 1974

[2], this condition has been recognized worldwide. The

most serious complications of KD are coronary aneurysms

that affect 20–25% of untreated patients and may lead to

myocardial infarction and sudden death. Although intra-

venous immunoglobulin (IVIG) therapy has significantly

reduced the prevalence of coronary artery abnormalities,

KD is the leading cause of acquired heart disease in

children [3,4��,5��]. The incidence of KD has been

steadily increasing in Japan since 1987 [6], and this

trend has also been similarly observed in the United

States [7], the United Kingdom [8], and China [4��,9].

An understanding of the aetiology and pathogenesis of

KD is thus an important and worthwhile public health

concern.

Despite comprehensive attempts to delineate the causa-

tive agents over four decades, the aetiology remains to be

identified. There are currently no specific diagnostic tests

for KD, and therefore, the diagnosis is still based on

clinical features [10�]. Several lines of epidemiological

evidence suggest that the aetiology is an infectious agent:

the acute onset of a self-limited illness, increased sus-

ceptibility in toddler age groups with only rare cases

under 6 months of age and virtual absence in adulthood,

and geographical and temporal clustering with seasonal

predominance [3,4��,5��,11��]. Furthermore, the similar-

ities in clinical features and immunological reactions

between KD, toxic shock syndrome (TSS), and strepto-

coccal toxic shock syndrome (STSS) have led to the

speculation that the three diseases share a superanti-

gen-mediated aetiology. The current review focuses on
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recent insights into the role of superantigens, especially

those produced by group A Streptococcus (GAS) and

Staphylococcus aureus, on the development and pathogen-

esis of KD.

Microbial superantigens and immunological
responses
Microbial superantigens are a family of proteins with

particular structural and sequence features that result

in the shared ability to bypass the mechanisms of con-

ventional major histocompatibility complex (MHC)-

restricted antigen processing [12]. Superantigens bind,

as intact proteins, directly to the MHC class II molecule

and to the T-cell receptor, extracellularly, at sites away

from conventional peptide binding sites. On the T-cell

receptor, binding is to the variable region of the b chain

(the Vb region) [12]. In contrast to a conventional antigen

that usually stimulates only one in 105–106 naive T cells,

a superantigen is able to induce global changes in the

lymphocyte composition by stimulating up to 25% of the

naive lymphocyte pool, resulting in the massive systemic

release of cytokines [12]. The excessive uncoordinated

release of proinflammatory cytokines is thought to be

responsible for many of the clinical and immunological

features of TSS, STSS and KD [12–14,15��]. Other

actions of superantigens include the activation of natural

killer cells, polyclonal B-cell activation, enhancement of

endotoxin activity, and a toxic effect on the endothelium

[12,14,15��]. Concentrations less than 0.1 pg/ml of a

bacterial superantigen are sufficient to induce TSS

[12,16]. To date, the bacteria that have been conclusively

shown to produce superantigens are certain strains of S.
aureus, GAS, groups C and G Streptococcus, and Gram-

negative bacteria Yersinia pseudotuberculosis and

Mycoplasma arthritidis [16].

The prototype superantigens from S. aureus
and group A Streptococcus
Staphylococcal superantigens are composed of a large

family of: (i) staphylococcal enterotoxins; (ii) toxic shock

syndrome toxin 1 (TSST-1); and (iii) exfoliatins A and B

[13,16,17�]. Five major staphylococcal enterotoxins,

A–E, have been characterized on the basis of their anti-

genicity. These classical staphylococcal enterotoxins are

emetic toxins and causative agents in staphylococcal food

poisoning. In recent years, however, many new types of

staphylococcal enterotoxin or staphylococcal enterotoxin-

like putative toxins have been identified by their

sequence similarity to classic staphylococcal enterotoxins

[16]. To date, 19 different staphylococcal enterotoxins

have been described in the literature and all are potent

T-cell mitogens; staphylococcal enterotoxins A–E, G–R,

U, and V [13,16,17�,18,19]. With the sudden explosion

of novel superantigen sequences, a confusion of

nomenclature has occurred. The International Nomen-

clature Committee for Staphylococcal Superantigens has
opyright © Lippincott Williams & Wilkins. Unauth
recommended that only staphylococcal superantigens

that induce emesis after oral administration in a monkey

model should be designated as a staphylococcal enter-

otoxin, whereas other related toxins that either lack

emetic properties in this model or have not been tested

should be designated as staphylococcal enterotoxin-like

superantigens [20]. On the basis of this recommendation,

the toxins staphylococcal enterotoxins J–Q, U, and V

should be renamed staphylococcal enterotoxin-like J–Q,

U, and V, respectively [18–20].

As for GAS, 12 superantigens have been identified, pre-

dominantly but not exclusively produced by Streptococcus
pyogenes. These include the streptococcal pyrogenic exo-

toxins (SPEs) A, C, G–M, the streptococcal superantigen,

and the streptococcal mitogenic exotoxins 1 and 2

[13,15��].

Similarities of clinical features between
Kawasaki disease and superantigen-
mediated diseases
KD, TSS, and STSS share clinical features, characterized

by fever, desquamation rash and mucous membrane

erythema. In contrast, a major complication of KD is

coronary involvement, whereas hypotension is a central

symptom of TSS and STSS. A case report was published

describing an adolescent male who fulfilled the criteria

for both KD and TSS [21]. Additional intriguing evidence

came from Anderson et al. [22], who described four

members of a family with an illness that had clinical

and laboratory findings of KD and GAS infection. All four

demonstrated a good clinical course after antibiotic and

IVIG therapy, but the youngest developed a coronary

aneurysm [22]. Furthermore, the superantigen theory

may be supported by anecdotal reports of patients show-

ing a combination of guttate psoriasis and KD [23], as

guttate psoriasis has been suggested to result from toxin-

mediated T-cell activation. In addition, two KD cases

immediately after scald injuries were documented, and

could be explained by the entry of infectious agents or

superantigenic toxins through the compromised skin

barrier, leading to the development of KD [24]. Collec-

tively, these overlapping and concurrent cases suggest

that superantigens produced by S. aureus and S. pyogenes
may be involved in the pathogenesis of KD.

Evidence that superantigens are involved in
the pathogenesis of Kawasaki disease
Several lines of evidence support the involvement of

superantigens in the pathogenesis of KS: the skewed

distribution of the Vb repertoire; superantigen-producing

bacteria has been isolated from KD patients; the serologi-

cal responses to superantigens produced by S. aureus
and GAS from case–control studies; and animal models

have demonstrated all the hallmarks of a superantigen-

mediated response.
orized reproduction of this article is prohibited.
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Skewed distribution of Vb repertoire

The strongest evidence of a superantigen-mediated dis-

ease is the demonstration of a disproportionate number of

T cells expressing T-cell receptor Vb families that have

been stimulated by the superantigen; a ‘skewed’ T-cell

receptor repertoire [12]. Abe et al. [25] first shed new light

on this perspective in 1992. They found that Vb2þ and

Vb8.1þ T cells were significantly elevated compared with

healthy controls and febrile controls in the acute phase of

KD, and that such changes resolved during the con-

valescent phase [25]. Subsequently, there have been

numerous studies that support the superantigen theory,

showing a skewed T-cell repertoire in KD patients

[26–32]. The expanded T-cell Vb subfamilies may differ

among these studies, partly because of methodological

differences (polymerase chain reaction or monoclonal

antibody assay) and partly because of differences in

the Vb families examined [25–32]. On the basis of

in-vitro and in-vivo studies, Yoshioka and colleagues

[29,32] suggested the contribution of SPEC in the patho-

genesis of KD; this was the only study demonstrating a

specific superantigen involvement by T-cell repertoire

analysis. Reichardt and colleagues [30] also showed that

expansion of the Vb2þ T cell is a useful diagnostic marker

for KD, and they emphasized the significance of collecting

appropriate age-matched controls because of the age-

related dynamic changes in the T-cell subpopulation.

In contrast, some studies were not capable of detecting

Vb skewing in KD patients [33–35]. Several explanations

have been proposed for these inconsistencies. Curtis et al.
[27] showed that a selective increase of Vb2þ T cells was

detected during the second week of illness and that

the distributions of these cells can normalize rapidly.

Yamashiro and colleagues [36] used an immunohisto-

chemical technique to demonstrate that Vb2þ T cells

were selectively increased in the small intestinal mucosa

of patients in the acute phase of KD. T-cell Vb skewing

has also been found in affected myocardium and the

coronary artery, with extensive junctional region diversity

within T-cell populations [37]. Brogan et al. [38] have

reported that class II MHC peptide endothelial cells

operate as competent superantigen-presenting cells for

CD4 and CD8 lymphocytes, suggesting that activated

T cells may immigrate from the peripheral circulation

through endothelial cells during acute KD. Taken

together, changes induced by superantigens in the per-

centages of specific families of T cells are dynamic

processes, migrating to the inflamed tissues through endo-

thelial cells, and thereby T-cell repertoire changes could

be detected in peripheral blood during a short period.

Isolation of superantigen-producing S. aureus and

group A Streptococcus

The second line of evidence supporting superantigen

theory was derived from the isolation of superantigen-
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producing bacteria from KD patients. In an initial study,

superantigen-producing bacteria were isolated from

13 out of 16 consecutive KD patients and only one of

15 febrile controls [39]. Eleven of the 13 superantigen-

positive cultures from KD patients demonstrated TSST-

1-secreting S. aureus and the remaining two demonstrated

SPEB and SPEC-producing GAS [39]. A subsequent

study also found superantigen-secreting S. aureus in

patients complicated by coronary artery disease [40].

Controversy about such findings [39,40] from a single

centre has, however, prompted a prospective multicentre

study in the United States [41]. In that study, cultures

were obtained from the pharynx, rectum, and groin of

45 patients with KD and from 37 control subjects in six

large centres, and there were no significant differences

between KD patients and controls with regard to overall

isolation rates of superantigen (TSST-1, SPEB, SPEC,

staphylococcal enterotoxins B and C) producing bacteria

[41]. Similar observations were obtained from two inde-

pendent studies in Japan [42,43]. The absence of sig-

nificant differences in the isolation of superantigen-

producing S. aureus and GAS from KD patients may

not, however, directly indicate their negative contri-

bution, because a very low dose of superantigen may

potentially induce KD, as in TSS [12,16], particularly in

susceptible hosts.

Serological responses to superantigens produced by

S. aureus and group A Streptococcus

The third line of evidence supporting the role of super-

antigens in the pathogenesis of KD is the serological

evidence from case–control studies. Early serological

studies did not show any evidence of staphylococcal or

streptococcal toxin involvement [44,45]. In a study by

Yoshioka and colleagues [32], it was demonstrated that

serum levels of anti-SPEC IgG antibodies were higher in

patients with acute KD than in age-matched controls

[29]. Nomura et al. [46] proposed that KD in very young

infants (< 6 months of age) might be related to a lack of

passive placental transfer of anti-TSST-1 antibodies,

because the mean anti-TSST-1 IgG titre in the mothers

of KD infants was shown to be significantly lower than

that in controls. They also subsequently showed that KD

patients older than 6 months had a significantly elevated

mean anti-SPEA-IgG antibody titre compared with con-

trols, suggesting that SPEA may be involved in KD

patients older than 6 months [47].

In the studies using IgG titres, however, it is particularly

difficult to interpret the seroconversion rate and accu-

rately determine temporal changes in antibodies during

the early convalescent phase, because immunoglobulin

products contain substantial amounts of antisuperantigen

IgG antibodies [48]. To overcome such limitations, we

recently investigatedthe kinetics of IgM antibodies against

superantigens. We analysed antitoxin IgM antibodies
rized reproduction of this article is prohibited.
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during clinical weeks 1–4 without any reflection by

IVIG treatment [49��]. Serum IgG and IgM antibodies

against four staphylococcal (A, B, C, and TSST-1) and one

streptococcal (SPEA) superantigens were measured

using an enzyme-linked immunosorbent assay in 293

serum samples from 65 KD patients and 120 controls.

There was a significant elevation of IgM antibodies

against staphylococcal enterotoxin A in KD patients from

the first to the fourth weeks, compared with the controls

[49��]. Significant differences in IgM antibodies were also

true for staphylococcal enterotoxin B, TSST-1, and SPEA

throughout the first to fourth weeks, and for staphylo-

coccal enterotoxin C throughout the second to fourth

weeks [49��]. The prevalence of KD patients having high

IgM titres (>meanþ 2 SD of the control values) to the

five superantigens was increased with the clinical weeks,

and reached 29–43% of KD patients at the fourth week

[49��]. In addition, in the analysis of pretreatment

samples we also found that the median levels of IgG

antibodies against staphylococcal enterotoxins A, B, C,

and SPEA, but not against TSST-1, were significantly

elevated [49��]. Collectively, we showed the first strong

evidence that multiple superantigens are involved in the

pathogenesis of KD.

The inconsistent results regarding the kind and number

of superantigens involved shown among the studies cited

above [29,32,46,47,49��] may be a result of the following

differences: sources of control subjects; immunological

classes in analyses; enzyme-linked immunosorbent assay

methods; and the timing of blood collection. More

plausibly, any of several different superantigens may

be involved in the pathogenesis of this disease

[4��,5��,14], and these superantigens may differ according

to the isolates [50�] and their geographical locations

throughout the world. The clinical phenotype may reflect

a stereotyped response in a genetically susceptible host to

one of a variety of infectious agents. If this is the case, this

illness seems not to be a disease triggered by a single

agent or toxin, but a syndrome caused by several

microbial toxins.

Animal model of Kawasaki disease

An animal model of coronary arteritis was developed by

the intraperitoneal injection of Lactobacillus casei cell wall

product, and the resultant vasculitis mimics KD, demon-

strating similar histological changes, time course to cor-

onary involvement and response to IVIG treatment.

Duong and colleagues [51] demonstrated, in a mouse

model, marked proliferation of naive T cells, non-classic

MHC restriction, a requirement for antigen presentation,

but not processing, and the stimulation of T cells in a

non-clonal, T-cell receptor Vb chain-dependent fashion:

all the hallmarks of a superantigen-mediated response.

Of note are the recent findings that the production of

tumour necrosis factor alpha (TNF-a) in the heart is
opyright © Lippincott Williams & Wilkins. Unauth
coincident with the presence of inflammatory infiltrate

in the coronary arteries [52��]. Mice treated with the

TNF-a-blocking agent etanercept are resistant to the

development of both coronary arteritis and coronary

aneurysm formation [52��], suggesting a critical role for

TNF-a in superantigen-induced vasculitis in KD. This

mechanism is reminiscent of a new promising therapy

using infliximab, a blocking antibody against TNF-a, in

refractory KD [53�].

Evidence for an aetiology other than
superantigen
It is also very important to emphasize that the super-

antigen theory is not universally accepted by all inves-

tigators in this field. Some researchers have shown

refuting evidence for superantigen involvement by the

absence of T-cell Vb skewing [33–35] or serological

responses [44,45,54]. Moreover, Rowley and colleagues

[55] used synthetic antibody to demonstrate an antigen in

the bronchial epithelium and macrophages, and cyto-

plasmic inclusion bodies in ciliated bronchial epithelium

[56�], suggesting the involvement of as yet unidentified

conventional antigens. In a retrospective analysis of

respiratory secretions, significantly more children with

KD were found to have a novel human coronavirus, New

Haven coronavirus [57�]. Subsequent studies [58,59],

however, did not duplicate these results.

Conclusion
Although no single unifying superantigen has been impli-

cated, and there is still considerable debate about the

precise aetiology, accumulating evidence suggests that

KD is a response to one or many of a variety of

superantigens in genetically susceptible individuals.

Furthermore, over the past few years numerous new

superantigens have been described, bringing the total

number of known staphylococcal superantigens to over

20 and streptococcal superantigens to 12 [16,17�,18].

Therefore, it is possible that there are still other

candidates involved in the pathogenesis of KD among

superantigens that have not yet been investigated.

Finally, irrespective of aetiology, the identification of

the precise role of causative agents will ultimately result

in the development of novel strategies for disrupting or

preventing the development of KD. Such measures will

hopefully reduce the morbidity and mortality caused

by KD.
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d viral infections
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Purpose of review

To commence proper treatment as rapidly as possible and

to reduce unnecessary antibiotic treatments, timely

knowledge of whether the infection is bacterial or viral in

origin would be beneficial for the clinician. As a reliable

prediction of the causative agent of bacterial infection is not

possible based on clinical features, there is an ongoing

need for sensitive and specific markers of bacterial

infection.

Recent findings

The most common differential diagnosis methods are

reviewed here. It is also demonstrated that the

measurement of the expression of complement receptors,

particularly CR1 (CD35), on neutrophils can be a useful

preliminary test to differentiate between bacterial and viral

infections. In addition, a novel marker of local and systemic

bacterial infections designated ‘clinical infection score

(CIS) point’, which incorporates quantitative analysis of

complement receptors on neutrophils and standard clinical

laboratory data and displays 98% sensitivity and 97%

specificity in distinguishing between bacterial and viral

infections, is presented.

Summary

We conclude that the diagnostic yield of measured

individual variables in distinguishing between bacterial and

viral infections increases upon combination.

Keywords
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neutrophil, viral infection

Curr Opin Infect Dis 20:304–310. � 2007 Lippincott Williams & Wilkins.

Department of Biochemistry, University of Turku, Turku, Finland

Correspondence to Jari Nuutila, PhD, Department of Biochemistry, University of
Turku, Arcanum, Vatselankatu 2, 20014 Turku, Finland
Tel: +358 2 333 6873; fax: +358 2 333 6860; e-mail: jarnuu@utu.fi

Current Opinion in Infectious Diseases 2007, 20:304–310
opyright © Lippincott Williams & Wilkins. Unautho

304
Abbreviations
CAP c
rized 
ommunity-acquired pneumonia

CIS c
linical infection score

CRP C
-reactive protein

ESR e
rythrocyte sedimentation rate

MFI m
ean fluorescence intensity

PCT p
rocalcitonin

ROC re
ceiver operating characteristic

TREM-1 tr
iggering receptor expressed on myeloid cells
� 2007 Lippincott Williams & Wilkins
0951-7375

Introduction
Doctors depend on antibiotics to treat illnesses caused by

bacteria. If there is any doubt whether the infection is

bacterial or viral in origin, clinicians may be tempted to

prescribe antibiotics just to be on the safe side, to

eliminate the risk of a life-threatening bacterial infection.

Treating viral illnesses or noninfective causes of inflam-

mation with antibiotics is ineffective, however, and

contributes to the development of antibiotic resistance,

toxicity and allergic reactions, leading to increasing

medical costs [1,2]. A major factor behind unnecessary

use of antibiotics is, of course, incorrect diagnosis. For this

reason, timely and accurate information on whether the

infection is bacterial in origin would be highly beneficial

in the fight against antibiotic resistance.

Methods for distinguishing between bacterial
and viral infections
Several methods have been developed which help the

clinician to decide whether the infection is bacterial or

viral in origin. The most precise way to diagnose bacterial

infections is by culturing them. Tests to confirm viral

infections include determination of antibody titres and

tests for viral antigens. Microbiological cultures are time-

consuming, however, and are often negative in patients

who are receiving antibiotics [3�,4]. The standard labora-

tory evaluation parameters of bacterial infection, such

as leukocyte and neutrophil counts, serum C-reactive

protein (CRP) level and erythrocyte sedimentation rate

(ESR), have relatively poor sensitivity and specificity [5].

Procalcitonin

On the basis of meta-analysis, the diagnostic accuracy of

procalcitonin (PCT) seems to be higher than that of CRP

among patients hospitalized for suspected bacterial infec-

tions [6]. The serum level of PCT is a potential marker of

bacterial infection in critically ill patients [7�], but this

analyte appears to be correlated more to the severity of
reproduction of this article is prohibited.
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the infection [8], particularly sepsis [9], rather than being

an unequivocal marker of bacterial infection.

Inflammatory mediators

Although studies have reported the use of inflammatory

mediators, such as G-CSF, TNF-a, IL-1b, IL-6 and IL-8,

to detect infection and identify bacteraemia [10–12,13�,

14�,15], a common problem with the use of such mediators

is that they are nonspecific to bacterial infection.

TREM-1 and soluble TREM-1

The triggering receptor expressed on myeloid cells

(TREM-1) – a new promising marker of bacterial infec-

tion – has been reported to be upregulated on peritoneal

neutrophils of patients with microbial sepsis [16]. In

addition, soluble TREM-1 (sTREM-1) may be useful

in establishing or excluding the diagnosis of pneumonia

[17]. Recent study [18�] evidences, however, that

exposure of human neutrophils to filoviruses can activate

TREM-1, resulting in TREM-1 shedding. Thus, it is

controversial whether TREM-1 or sTREM-1 alone is

applicable for reliable differentiation between bacterial

and viral infections.

Neutrophil FcgRI (CD64)

The expression of FcgRI (CD64) on human neutrophils

has been proposed as an improved diagnostic test for the

evaluation of infection and sepsis [19�]. As the expression

of FcgRI on neutrophils is increased in both bacterial and

viral infections [20,21,22��], however, it appears to be a

useful infection marker but cannot be used effectively for

differential diagnosis.

Clearly, there is an urgent need for new sensitive and

specific markers of bacterial infection. One candidate is

the determination of phagocyte complement receptors.

Phagocyte complement receptors
Phagocytes include monocytes, which circulate in the

blood, and macrophages, which are found in tissues

throughout the body, as well as neutrophils, which are

cells that circulate in the blood but can move into tissues

wherever they are needed. Neutrophils are not only

phagocytes but also granulocytes, meaning that they

contain granules filled with potent bactericidal chemi-

cals. Neutrophils are voraciously phagocytic to such an

extent that they, along with the macrophages, have been

termed ‘professional’ phagocytes, thereby distinguishing

these cell types from other granulocytes, eosinophils and

basophils.

The importance of complement receptors in infection

Activation of the complement system and the involve-

ment of peripheral blood phagocytes, mainly neutrophils,

are the major effector pathways in bacterial infection.

The receptors for the complement molecules CR1 and
opyright © Lippincott Williams & Wilkins. Unauth
CR3 are only weakly expressed on the surface of resting

neutrophils, being mostly stored intracellularly in specific

granules, in gelatinase granules and in secretory vesicles

[23]. In infection, exposure to pro-inflammatory cyto-

kines and chemoattractants primes neutrophils for rapid

degranulation of intracellular granules. The fusion of

vesicles and granules with the plasma membrane leads

to an upregulation of CR1 and CR3 to the cell surface.

The complement molecules C3b, C4b and C1q are

ligands for CR1 on the pathogen surface [24,25], while

C3bi specifically binds CR3 [26]. Both complement

receptor types, together with Fc-receptors, provide an

essential link between the humoral and cellular immune

systems by functioning as key molecules for phagocyto-

sis, for the clearance of immune complexes and for trig-

gering the release of inflammatory mediators [27–29].

Data support the idea that the stable adhesion of

complement-opsonized particles to cells expressing

CR1 and CR3 is actually a dynamic molecular process

in which an important function of leukocyte CR1 is to

generate the ligands for CR3 [30] and that both CR1 and

CR3 can initiate transmembrane signalling in human

neutrophils and, in particular, activation of phospholipase

D [31].

Complement receptors also have functions that are unre-

lated to the phagocytosis of complement-opsonized

pathogens by phagocytes. For example, CR3 plays a

crucial role in the migration of neutrophils from the

bloodstream into the site of inflammation [32,33] and

human erythrocyte CR1 serves as the main system for the

processing and clearance of complement opsonized

immune complexes [34]. Immune complexes bound to

the erythrocyte CR1 are cleared from the circulation and

localized to phagocytic cells in the liver and spleen

without erythrocyte destruction. In addition, CR1 can

operate as a membrane-bound or soluble complement

regulator, inhibiting the classical and alternative comp-

lement pathways, and thus protecting host cells against

autologous complement lysis [35��,36].

Expression of neutrophil complement receptors in

bacterial and viral infections

Flow cytometry is the most widely used method for

quantifying receptor expression on cell surfaces. It is

well documented [10,37–39] that the expression of

CR3 on neutrophils is increased in infections, but, until

recently, there were few data regarding expression of

neutrophil CR1 during infections. This has been rectified

by our previous prospective study [40��] in which quan-

titative flow cytometric analysis of neutrophil CR1 and

CR3 were obtained from 135 febrile patients having

either bacterial (n¼ 89) or viral (n¼ 46) infection and

from 60 healthy controls. In that particular study, the

average expression levels of CR1 and CR3 on neutrophils

in bacterial infections were over three-fold and two-fold
orized reproduction of this article is prohibited.



C

306 Pathogenesis and immune response

Figure 1 Formation and use of clinical infection score (CIS) points
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(a) Formation of clinical infection score (CIS) points. CR1 data used as an example on how ROC curves and additional second cut-off values are settled
and on how variable score points are obtained by means of them. (b) CIS point-based differentiation between microbiologically confirmed bacterial
(n¼46) and viral (n¼38) infections.
higher, respectively, compared with viral infections and

controls. According to receiver operating characteristic

(ROC) curve analysis, neutrophil CR1 displayed 92%

sensitivity and 85% specificity in distinguishing between

bacterial and viral infections (Fig. 1a). Compared with

other measured variables, such as neutrophil CR3,

neutrophil count, CRP and ESR, neutrophil CR1 had

the most effective differential capacity. The lower diag-

nostic accuracy of CR3 compared with CR1 may be

explained by the phenomenon that CR3 is expressed

not only from rapidly releasing secretory vesicles like

CR1, but also from specific and gelatinase granules [23].

The behaviour of CRP and ESR was similar to the

expression of neutrophil CR1 in that they were signifi-

cantly higher in bacterial than in viral infections. An

advantage of flow cytometric receptor analysis compared

with CRP and ESR methods is rapidity, however. Nota-

bly, the time window from procuring the blood sample to

data handling is less than 1 h.

Clinical infection score point: a novel marker
of bacterial infection
As noticed, the expression of neutrophil CR1 is higher in

classical bacterial than in viral infection. Therefore, it can

be proposed that determination of the expression of CR1

on neutrophils could be of value as an additional rapid

tool in the aetiological diagnosis of bacterial infection.

Although a high expression of neutrophil CR1 correlates
opyright © Lippincott Williams & Wilkins. Unautho
with the likelihood of bacterial infection, however, it

would be surprising that any single parameter of inflam-

mation alone could reliably differentiate between

bacterial and viral infection. In fact, it is more probable

that diagnostic accuracy could be improved by the com-

bination of several analytes, namely CRP, ESR and cell

receptors like CR1. This idea that the diagnostic yield of

measured individual variables increases upon combi-

nation is supported by previous studies in which the

clinical pulmonary infection score (CPIS) point, consist-

ing of six clinical and laboratory variables (fever, leuko-

cytosis, tracheal aspirates, oxygenation, radiographic

infiltrates and semi-quantitative cultures of tracheal aspi-

rates with Gram stain), displayed a sensitivity of 93% and

specificity of 96% for diagnosing ventilator-associated

pneumonia [41].

Accordingly, neutrophil CR1-based differentiation

between bacterial and viral infections can be improved

by generating the clinical infection score (CIS) point,

consisting of four variables, including CRP, ESR, amount

of CR1 on neutrophil and total neutrophil complement

receptor (TNCR) index [40��]. The latter can be ob-

tained by multiplying neutrophil count, relative number

of CR1 on neutrophils and relative number of CR3 on

neutrophils and by taking the base-10 logarithm of this

factorial thereafter. For every variable in the CIS point

method, a result less than the ROC curve cut-off point
rized reproduction of this article is prohibited.
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Figure 2 Posttest probability of bacterial infection presented as

a function of prevalence of bacterial infection

Positive likelihood ratios of 37.2, 8.48, 6.05, 8.09 and 5.75 and negative
likelihood ratios of 0.02, 0.09, 0.09, 0.14 and 0.15 for CIS point, TNCR
index, neutrophil CR1, ESR and CRP, respectively, were used to
calculate posttest probabilities for positive or negative test results, as
described in the text.
value is converted to a variable score point of 0, that

between the cut-off point value and an additional second

cut-off value, is converted to a variable score point of 1,

and that greater than the additional second cut-off point

value is converted to a variable score point of 2 (Fig. 1a).

An additional second cut-off value of a variable is the

maximum value detected in patients with viral infection.

CIS points that vary between 0 and 8 can be obtained by

combining variable scores. At a cut-off point of over 2,

the CIS points differentiated between microbiologi-

cally confirmed bacterial infection (n¼ 46) and viral

infection (n¼ 38) with 98% sensitivity and 97% speci-

ficity (Fig. 1b). Addition of neutrophil count – the fifth

variable that differentiated between bacterial and viral

infections with 81% sensitivity and 83% specificity – to

the CIS point calculations (CIS points varied between 0

and 10, cut-off >3) did not improve differentiation

between microbiologically confirmed bacterial and viral

infections.

In our test material, there was one neutropenic

patient (Campylobacter jejuni enteritis; neutrophil count

<1.5� 106/ml) having a CIS point of 4, suggesting that

neutropenia does not result in false-negative diagnosis.

On the other hand, one (microbiologically confirmed

Escherichia coli sepsis) of the 27 sepsis patients was

false-negative (CIS point of only 2) (Fig. 1b). This

seemed to be due to exceptionally low CRP and ESR

values, however, as the CR1 value was clearly above the

ROC curve cut-off value of bacterial infection.

The median CIS point value did not differ significantly

between microbiologically confirmed (n¼ 46) and clini-

cally diagnosed (n¼ 43) bacterial infections or between

microbiologically confirmed systemic (n¼ 27) and local

(n¼ 19) bacterial infections. In addition, CIS point-based

differentiation between bacterial and viral infections was

not interfered with by antibacterial treatment or

underlying diseases.

Diagnostic value of CIS point

Statistics from the ROC curve analysis, like sensitivity

and specificity, positive and negative predictive values

(PPV and NPV), and positive and negative likelihood

ratios (PLR or NLR), can be used for assessing the

performance of a diagnostic test [42,43]. At the level of

population, the posttest probability of disease, given a

positive or negative test result, varies from pretest prob-

ability (prevalence) of disease, while test-specific sensi-

tivity and specificity stay constant. Therefore, even

relatively high sensitivity and specificity, as such, provide

only a rough estimation of the test’s diagnostic value,

especially when the disease is rare. On the contrary, as

likelihood ratios are useful across an array of disease

frequencies, they are more useful in interpretation of

clinical findings and laboratory tests than traditional
opyright © Lippincott Williams & Wilkins. Unauth
indices of test validity. Even so, likelihood ratios are still

relatively little used among clinicians.

If sensitivity and specificity of the test have already

been determined, then PLR and NLR are sensitivity/

(1 – specificity) and (1� sensitivity)/specificity, respec-

tively. The likelihood ratio has an interesting property:

posttest odds¼pretest odds [prevalence/(1 – prevalen-

ce)]� likelihood ratio of the test. In consequence, when

prevalence of disease among patients can be estimated

and likelihood ratios of the test are known, then the

posttest probability of diseases, given a positive or nega-

tive test result, can be calculated [posttest probability¼
posttest odds/(posttest oddsþ 1)]. In comparison with the

individual variables, the reliability of CIS point in dis-

tinguishing between bacterial and viral infections is

superior over a wide range of prevalence of bacterial

infection (Fig. 2). Thus, when the prevalence of bacterial

infection is 20–100%, a CIS point of higher than 2 is

highly suggestive of bacterial infection. Correspondingly,

at a prevalence of 0–85%, a CIS point of less than or equal

to 2 practically rules out bacterial infection.

Cause of community-acquired pneumonia
Community-acquired pneumonia (CAP) – one of the

most common infectious diseases addressed by clinicians

– can be caused by a range of agents, which can some-

times be identified from the medical history of the

patient and direct clinical observations [3�]. In most cases,

however, it is not possible to reliably identify the causa-

tive agent of CAP on the basis of clinical features

alone. Likewise, radiographs of the chest are not specific
orized reproduction of this article is prohibited.
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Figure 3 Neutrophil CR1 and CIS points in CAP patients

(a) The amount of CR1 on neutrophils in pneumococcal pneumonia (n¼13), influenza A pneumonia (n¼13), aetiologically undefined pneumonia
(n¼37) and healthy controls (n¼63) expressed as mean fluorescence intensity (MFI) of FITC-conjugated CR1-specific monoclonal CD35-antibodies
on neutrophils. Mean values�SD of groups are also presented. The horizontal line represents MFI value of 10. (b) CIS points in pneumococcal
pneumonia, influenza A pneumonia and aetiologically undefined pneumonia.
enough to enable aetiological diagnosis of CAP [44�].

Besides being often negative in the early stage of pneu-

monia, the blood culture is too slow for rapid differen-

tiation between bacterial and viral infections. Although

there is some evidence [45,46] suggesting that the serum

concentration of CRP is higher in pneumonias caused by

Streptococcus pneumoniae or Legionella pneumophila than in

those caused by other agents, the precise relation of

CRP to the cause of pneumonia is still controversial.

While PCT is a potential marker of bacterial infection

in critically ill patients, its sensitivity in differentiating

between bacterial and viral pneumonia is relatively

low [9].

The expression of neutrophil CR1 in CAP patients

In another previous study, we measured the expression of

neutrophil CR1 in 63 CAP patients and 63 healthy

controls in order to see whether it could be used to

differentiate between bacterial and viral pneumonia

[22��]. It was found that the average expression of

CR1 on neutrophils was significantly higher in pneumo-

coccal pneumonia than in influenza A pneumonia and in

healthy controls (Fig. 3a). The expression of CR1 was

also significantly higher in aetiologically undefined pneu-

monia than in influenza A pneumonia, but there was no

difference between pneumococcal and undefined pneu-

monia. Patients with influenza A could be divided in two

subgroups on the basis of the expression of CR1 on

neutrophils: eight patients with low CR1 level [mean
opyright © Lippincott Williams & Wilkins. Unautho
fluorescence intensity (MFI)< 10] and five patients with

high CR1 level (MFI> 10). The subgroup of influenza

A patients with high CR1 levels is interesting; this could

be explained by concomitant bacterial pneumonia. Of

healthy controls, 6% had high CR1 level (defined as

MFI> 10) while 85% of patients with pneumococcal

pneumonia and 84% patients with undefined pneumonia

had high MFIs.

Aetiological diagnosis of CAP by CIS point

Afterwards, when the CIS point method was used for

the diagnosis of 63 CAP patients, it was found that 100%

of patients with pneumococcal pneumonia and 89% of

patients with undefined pneumonia had CIS points of

3–8 (Fig. 3b). In the five patients with influenza A

pneumonia who had a high level of CR1, the CIS points

varied between 4 and 8, indicating that they most prob-

ably had concomitant bacterial pneumonia. Thus, com-

pared with blood culture, the CIS point method is a much

more powerful and faster tool for differentiation between

bacterial and viral pneumonia.

Conclusion
A novel marker of local and systemic bacterial infections,

designated CIS point, which incorporates quantitative

analysis of complement receptors CR1 and CR3 on

neutrophils and standard clinical laboratory data, CRP

and ESR, could potentially assist physicians in deciding

whether antibiotic treatment is necessary. The reduction
rized reproduction of this article is prohibited.
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of unnecessary antibiotic treatments is cost-effective and

prevents development of antibiotic resistance.

The cornerstones of the CIS point method are:
(1) T
op
he quantitative analysis of CR1 and CR3 on

neutrophils.
(2) T
he use of two cut-off values in determining variable

score points.
(3) D
iagnostic yield of measured individual variables

increases upon combination.
We speculate that the CIS point method is not a closed

system, and can be supplemented with other variable(s),

provided that they display higher than 80% sensitivity

and specificity for distinguishing between bacterial and

viral infections. Also, it is possible to substitute some new

variable(s) for present variable(s). Potential candidates

for supplementary or substitutive variables could be, for

example, PCT and soluble CR1.
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Purpose of review

To focus on recent novel concepts in the development of

malaria vaccines.

Recent findings

There is a renewed interest in whole attenuated sporozoite

vaccines, either as irradiated or genetically modified

sporozoites, because they consistently elicit solid

protection against challenge infections. Enthusiasm about

these vaccines is, however, tempered by technical,

logistical, safety and even cultural hurdles that might need

to be surmounted. Less than a score of Plasmodium

falciparum proteins are currently in the development

pipeline as malaria vaccines. There is an urgent need to

ratchet up the process of candidate vaccine discovery, and

reverse vaccinology and genome-wide surveys remain

promising strategies. The development of malaria vaccines

for placental malaria is an active area and chondroitin sulfate

A-binding epitopes of the variant PfEMP1 have been

identified. Live bacteria and viral vectors hold special

promise for vaccine delivery.

Summary

Attenuated sporozoite vaccines have made a resurgence to

center stage in malaria vaccine development. There is an

urgent need to identify more subunit vaccine candidates

that can enter into the development pipeline, identify

surrogate markers of immunity and design vaccines which

induce long-lasting immunity.
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Introduction
Falciparum malaria, a mosquito-borne disease caused by

the protozoan parasite Plasmodium falciparum, is one of the

world’s biggest scourges [1]. Severe and complicated

malaria kills more than 2 million people annually in

sub-Saharan Africa [2]; children under 5 years old,

pregnant women and people living with HIV/AIDS bear

the brunt of the morbidity and mortality. Over a dozen

reviews on malaria vaccines appeared during the past

year [3–7]. Here, we will focus on novel concepts in

malaria vaccine development, highlighting recent

advances on live attenuated sporozoite vaccines, the dis-

covery of new vaccine candidates, novel adjuvants and

delivery systems.

Attenuated sporozoite vaccines
Immunization experiments with irradiated sporozoites

have consistently provided solid and sterile immunity

in experimental animals [8] and human volunteers [9].

Whole sporozoite vaccines were, however, relegated to

the back burner because advances in recombinant DNA

technology led to a quest for protective recombinant

subunit vaccines. Two decades later and with less than

20 P. falciparum proteins in the vaccine development

pipeline and no viable malaria vaccines yet in clinical

practice, attenuated sporozoites are receiving renewed

attention [9]. Technological advances in culturing

P. falciparum in vitro and in transfection have made it

possible to produce irradiated or transgenic sporozoites

[10,11�].

Radiation-attenuated sporozoites

Sporozoites are irradiated when infected mosquitoes are

subjected to radiation. Like normal sporozoites, upon

inoculation into a susceptible host, the irradiated sporo-

zoites penetrate the hepatocytes and begin intracellular

development. Unlike their normal counterparts, however,

irradiated sporozoites are not capable of nuclear division

and do not develop further, but persist for several weeks or

months [9]. It is probably the prolonged sojourn in the liver

and the state of the sporozoites that somehow results in the

stimulation of protective immune responses mediated by

cytotoxic CD8 T lymphocytes and antibodies, which

target infected hepatocytes and sporozoite surface

proteins, respectively. Whereas the overall balance of

evidence suggests that whole organism sporozoite vaccines

are superior, there are technical and safety concerns that

need to be addressed including mass production of sterile

parasites, proper storage by cryopreservation to maintain

low infectivity and high immunogenicity, the correct
orized reproduction of this article is prohibited.
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irradiation dosage, and the safety of a mosquito-derived

vaccine with the risk of coadministration of unknown

pathogens. Given the coendemicity of malaria and HIV

in many endemic countries, the safety of radiation-

attenuated sporozoites (RAS) in the general population

especially in people living with HIV/AIDS remains

an overriding concern. Finally, the duration of protection

provided by RAS is under 1 year [9]. This suggests that, in

addition to boosting by natural infections, booster doses

of RAS vaccines might have to be administered

annually. This might not be practical and sustainable in

resource-limited endemic countries.

Sanaria, Inc., a US-based privately held company in

Rockville (Maryland), has made the development of a

RAS vaccine its major portfolio and is poised to address

some of the issues raised above [9,12]. In order to

maintain a constant supply of a RAS vaccine to meet

the high demand in endemic countries, however,

assuming that all safety, technical and logistic hurdles

are met, it will be vital to have several vaccine production

centers in operation, since it would be inherently risky to

rely on vaccines from a single supplier.

Genetically attenuated sporozoites

Genetically attenuated sporozoites (GAS) are sporo-

zoites that, like RAS, have low infectivity, undergo

arrested development in the liver and stimulate potent

protection against challenge infections in murine

models of malaria [13]. GAS differ from RAS in that

the sporozoite attenuation is not due to irradiation, but

the deletion of specific genes such as UIS3, UISE4 and

P36p which are essential for the preerythrocytic stage of

malaria parasites [13–15]. Sporozoites in which these

genes have been deleted have an arrested sporozoite

development in the liver, cannot mature into the blood

stages and are able to induce complete protection

against challenge infections in a P. berghei/mouse model

[14]. The complete protection provided by GAS consti-

tuted the proof-of-concept that genetically modified

whole sporozoite vaccines might, like RAS, be useful

malaria control tools. Furthermore, GAS produced by

double-crossover recombination might not pose the

safety concerns associated with RAS because the risk

of breakthrough infections due to genetic reversion is

considerably lower [14,15]. The sustainable production

of GAS will, however, be constrained by the same

technical and logistic problems listed above for RAS.

So far P. falciparum GAS have yet to be generated. With

the availability of malaria genomes and the advances in

P. falciparum transfection technology, it is possible that

prototype GAS vaccines for P. falciparum malaria might

be just round the corner. This optimism must, however,

be tempered by the caveat that there is widespread

distrust in developing countries of genetically modified

products.
opyright © Lippincott Williams & Wilkins. Unautho
Subunit recombinant vaccines
The most important impact that advances in recombinant

DNA technology made on parasitology in the early 1980s

was the watershed cloning in 1983, for the first time, of a

malaria candidate vaccine – the circumsporozoite protein

of P. falciparum [16]. This gave rise in subsequent years to

a flood of reports of cloned and expressed recombinant

parasite proteins, and the elusive hope that the control of

malaria by recombinant subunit vaccines was just a

matter of years away. That hope has not materialized.

Over 20 years later, despite considerable efforts and

resources, less than 20 P. falciparum antigens are under

research and development for malaria vaccines. Current

research and development efforts are focused on only four

preparasitic stage antigens (CSP-1, LSA-1, LSA-3, and

TRAP), 13 blood stage antigens (AMA-1, MSP-1,

MSP-3, MSP-4, GLURP-1, RESA, SERA5, EBA-175,

EBP-2, MAEBL, RAP-2, EMP-1 and DBL-a) and sexual

stage antigen (Pf25) of P. falciparum [3]. The P. falciparum
genome encodes about 5300 proteins [17]. There is an

urgent need to accelerate the pace of discovery of new

malaria vaccine candidates using innovative screening

approaches. Reverse vaccinology and high-throughput

genome-based screens are two interrelated techniques

that hold much promise in this regard.

Reverse vaccinology and genome-wide surveys

The reverse vaccinology approach uses the genomic

information (genomics, proteomics and transcriptomics)

on pathogens to systematically screen their components

for protective efficacy. It is uniquely suited for organisms

that are not easy to culture, and has yielded promising

results for chlamydial infections and bacterial diseases.

Phase I trials with a meningococcus B vaccine derived from

reverse vaccinology have been done [18]. Such approaches

began in earnest several years ago when the first extensive

microarray and proteomics studies of P. falciparum were

reported [19,20]. Recently, Mu et al. [21��] carried out a

genome-wide survey for polymorphisms and signatures of

selections which led to the identification of potential

vaccine targets. A comprehensive proteome analysis of

ookinetes allowed a systematic assessment of predicted

ookinete surface proteins [22]. The discovery of the vital

P. berghei preerythrocytic stage-specific gene UIS3, the

genetic target for a novel GAS vaccine, was made using

gene-profiling studies [13]. The hopes engendered by

these novel concepts and approaches are tempered by

two major bottlenecks, i.e. the lack of an in-vitro surrogate

marker for predicting malaria vaccine efficacy and the very

ephemeral nature of immunity induced by recombinant

malaria subunit vaccines.

In-vitro surrogate markers of vaccine efficacy
The ideal approach would be to develop an assay for a

marker of functional immunity in individuals with immu-

nity conferred by natural infections or vaccination. This
rized reproduction of this article is prohibited.
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issue was addressed in a recent MSP3 clinical trial

in which specific antibody levels correlated with

antibody-dependent cellular inhibition activity [23].

Antibody-dependent cellular inhibition is an in-vitro

functional assay in which serum antibodies are incubated

with parasites in the presence of monocytes. Different

antigens have been shown to induce antibodies with

different effector functions; the same antigen produced

from different strains may yield antibodies of differing

functions [24�]. Thus, it would be desirable to have

a robust functional assay that predicts the immunity

elicited by all antigens.

Immunity and memory in malaria
In malaria natural immunity is slow to develop and is not

complete even after years of endemic parasite exposure.

Adults living in a malaria-endemic country quickly

become infected following radical cure of malaria,

indicating a lack of complete immunity [25]. There is

also evidence that memory and protective immunity is

short-lived, and that it is lost when an individual is not

continually exposed to the parasite [26,27]. Novel

concepts in malaria vaccine development must include

intervention strategies that include as a major goal,

in addition to vaccine antigen presentation, the

generation and maintenance of specific memory T cells.

Recently, alternating immunizations with recombinant

attenuated fowlpox 9 virus or modified vaccinia virus

Ankara encoding preerythrocytic malaria antigens was

reported to enhance memory responses [28�]. Dendritic

cells, antigen-specific T helper 1 cells and memory

T lymphocytes are crucial for the development of

immunity in malaria [29–34]. C-C chemokines such as

RANTES, which enhance T helper 1 responses, and

CCL20, which recruit and activate dendritic cells

and memory T lymphocytes [35], have been incorporated

into vaccine constructs [36,37]. New malaria vaccine

constructs could incorporate RANTES and CCL20 in

order to boost T helper 1 immunity and sustain immuno-

logical memory. The design of such vaccines must be

based on a solid understanding of the molecular and

cellular components of immunity and memory in

P. falciparum malaria. The role of RANTES in clinical

immunity has emerged over the past 2 years [38,39�,40�],

but that of CCL20 is virtually unknown. Our unpublished

studies have shown that serum CCL20 levels are not only

increased in severe malaria, but are correlated with serum

levels of IgG antibodies against a recombinant construct

of P. falciparum SERA5; serum titers of these antibodies

are associated with protection against severe malaria in

Ugandan children [41].

Malaria vaccines for pregnant women
Placental malaria is due to chondroitin sulfate A

(CSA)-binding parasites which sequester in the

placenta resulting in adverse pregnancy outcomes
opyright © Lippincott Williams & Wilkins. Unauth
[42]. The highly polymorphic protein PfEMP1 is the

major ligand for CSA-binding and is the target for

current efforts to develop a pregnancy-specific malaria

vaccine. Recent studies in a primate model confirmed

the usefulness of the PfEMP1 DBL1a domain for the

development of a vaccine for severe malaria [43�].

Immunization with the PfEMP1 DBL1a domain abol-

ished sequestration and substantially inhibited parasite

adhesion in immunized rats and monkeys, respectively

[26]. Moreover, mouse monoclonal antibodies raised

against P. falciparum variant surface proteins expressed

by CSA-binding parasites were found to be protective

[44�]. Two var2CSA domains expressed on the surface

of CHO cells were identified as the targets of three of

four antibodies inhibiting CSA-binding; two of these

antibodies recognized either DBL2x or DBL3x, sug-

gesting that some epitopes may be common to many

var2CSA domains [44�]. A combination of in-silico

tools including peptide arrays and structural modeling

was used to define protective epitopes and sequence

motifs that were specific for primigravid and multi-

gravid women, respectively [45��].

Novel adjuvants
Alum, traditionally employed as an adjuvant in human

vaccines, is a suboptimal adjuvant for subunit recombinant

vaccines and synthetic peptides. There is therefore a need

for novel and alternative adjuvants. Immunization studies

in mice using a recombinant liver stage antigen 1 with two

different adjuvants showed variability in immune

responses. Higher antibody titers were induced by ASO2A,

while higher numbers of interferon-g-producing cells were

induced by ASO2B in an antigen-specific way [46]. A

formulation of the preerythrocytic stage malaria vaccine

candidate RTS,S/ASO2A, which incorporates the adjuvant

ASO2A has been reported [47�]. NF-kB-inducing kinase

has been employed to enhance immunogenicity by

activation of NF-kB [48�]. NF-kB-inducing kinase

increases dendritic cell antigen presentation in allogeneic

and antigen-specific T cell proliferation assays in vitro.

NF-kB-inducing kinase also augments immune responses

to a vector-encoded antigen, and shifts them toward a

T helper 1 response with increased IgG2a levels, T cell

proliferation, interferon-g production and cytotoxic

T lymphocyte responses in vivo [48�]. Toll receptors are

also useful as adjuvants [49]. Importantly, to facilitate

adjuvant selection, potency assays for adjuvants

should be quintessential components of malaria vaccine

development [50].

Novel vaccine delivery systems
Subunit recombinant vaccines are administered through

several delivery systems including needle-free injection,

viral vectors, edible vaccines and bacteria. Some of these

systems have not yet been employed for malaria

vaccines.
orized reproduction of this article is prohibited.
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Needle-free injection

Needle-free vaccine delivery systems have been

developed for efficient delivery of particulate vaccines

into the epidermal tissue [51]. Particle-mediated epider-

mal delivery of DNA vaccines is based on the delivery of

DNA-coated gold particles directly into the cytoplasm

and nuclei of living cells of the epidermis, facilitating

DNA delivery and gene expression [51]. Alternatively,

protein vaccines are formulated into a dense powder

which can be propelled into the epidermis using similar

delivery devices and principles [52].

Viral vectors

Classic viral vectors like poxvirus, adenovirus and

alphavirus vectors have successfully delivered malaria

antigens [53�]. Novel viral vectors like measles virus,

vesicular stomatitis virus and yellow fever virus hold

promise as delivery vehicles for future vaccines. Animal

model studies suggest that each viral vector has a

unique ability to induce humoral and/or cellular

immune responses [53�]. An attenuated yellow fever

vaccine containing a circumsporozoite protein T cell

epitope was highly immunogenic and safe [54]. There

is a need for suitable carrier and adjuvant systems that

enhance protective immune responses by delivering

protein and peptide antigens in appropriate

conformations [53�]. New approaches currently being

explored involve combining peptide-based malaria

vaccine candidate antigens with immune stimulatory

carrier-systems based on influenza virosomes [55,56].

Edible vaccines

Oral delivery is associated with simple administration,

improved safety and can induce mucosal immune

responses. It has been hypothesized that edible antima-

laria vaccines in transgenic tomatoes might be a possible

solution to the logistical problems of distribution, stability

and costs [57�]. The immunogenicty of such vaccines has

been demonstrated in a mouse model [58]; however,

there remain significant technical hurdles to be overcome

regarding vital issues such as yield, purity and dosage. The

effect of proteolytic digestion by gastrointestinal enzymes

on the immunogenicity of edible vaccines also remains

unknown. The usefulness of edible vaccines in human

P. falciparum malaria will therefore remain an unproven

concept for some time.

Live bacteria

The use of live bacteria to induce an immune response to a

vaccine cargo component is an attractive vaccine strategy

[59]. Advantages of live bacterial vaccines include their

mimicry of a natural infection, intrinsic adjuvant properties

and the possibility of oral administration [60]. High-

titer antibody responses to recombinant Pfs25H, a

transmission-blocking vaccine candidate, were induced

after chemical conjugation to the outer-membrane protein
opyright © Lippincott Williams & Wilkins. Unautho
complex of Neisseria meningitidis serogroup B and adsorp-

tion to aluminum hydroxyphosphate [61��]. Pathogenic

bacteria must, however, be attenuated in order to eliminate

their virulence since they might pose some risks. The

acceptability of genetically modified bacteria carrying

malaria vaccines might, like GAS, also be compromised

by distrust by the target populations.

Conclusion
There is a renewed interest in whole attenuated

sporozoite vaccines, but technical, logistical and safety

hurdles still remain. At present, less than a score of

P. falciparum proteins are under development as subunit

vaccines. Reverse vaccinology and genome-wide surveys

promise to increase the number of subunit vaccine

candidates. Additional obstacles to be overcome include

the lack of validated surrogate markers of immunity and

the short duration of protection induced by subunit

vaccines. Vaccine constructs which incorporate RANTES

and CCL20 and other biological adjuvants hold promise,

and should be urgently investigated and tested in malaria

clinical trials in endemic countries.
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