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Plain language Summary
Worldwide, one million children die annually of pneumococcal (Pnc) disease and pneumonia is the primary cause of mortality in Papua New Guinean children. Many  die in early infancy and babies may benefit from immunization with a Pnc conjugate vaccine  (Prevenar() at birth.  The National Health Plan 2001-2010 calls for investigation of the feasibility of Pnc vaccines for PNG.

The Papua New Guinea (PNG) Institute of Medical Research, Telethon Institute for Child Health Research and the Department of Paediatrics, University of Western Australia will collaborate to examine very closely the safety of this approach, particularly with regard to impact on the development of immunity and response to other vaccines given to infants. This study will also provide a unique opportunity for training of PNG and Australian scientists in both countries, transfer of state-of-the-art immunological technology and stimulate further collaborations on respiratory infections in the region.
Technical Summary

Infants in Papua New Guinea (PNG) are at extremely high risk for invasive pneumococcal (Pnc) disease. Similar to other high-risk populations, PNG infants have neonatal onset of dense respiratory tract Pnc colonisation, which may have long-term effects on the development of protective immunity. Pnc conjugate vaccines (PCV) that are efficacious in American and African infants need evaluation in this high-risk PNG population under the national accelerated 1-2-3 month schedule. In order to obtain the earliest possible protection against invasive disease, achieve optimal coverage and reduce burden of early carriage, neonatal PCV immunization needs to be considered. This study in the PNG highlands will enrol 312 infants at birth, who will be randomised to receive PCV either at 1-2-3 months or 0-1-2 months of age or receive only routine immunizations (controls). Blood samples will be taken at birth-2-3-4 months of age, pre- and post-Pnc polysaccharide booster at 9-10 months of age (to assess immune memory) and at 18 months at study completion. Carriage will be assessed weekly for the first month of life and at regular intervals thereafter. There will be ongoing surveillance for respiratory and other diseases throughout the study. In addition to serotype-specific IgG, we will examine IgG avidity, IgG subclasses, mucosal IgA and T-cell cytokine responses to PCV and Pnc protein antigens. To ensure immunological safety, particularly for neonatal PCV, immune responses to concomitant vaccines and viral and environmental antigens will also be examined as well as overall T-cell maturation. 

This study will provide proof of principle of the safety and immunological feasibility of neonatal PCV immunization, which is essential before progression to larger-scale studies in high-risk populations. This study will also examine the effect of early carriage on the development of systemic and mucosal immunity to Pnc infections and the impact of early PCV on carriage. It will further our understanding of the basic immunological mechanisms underlying conjugate vaccine responses during the critical neonatal period, and provide insight into the interactions between the developing T‑cell system and vaccines, which occur in these infants against a background of intense microbial stimulation. These studies are crucial for the optimal use of current vaccines and the development of new vaccines, for Pnc and other pathogens. This project will bring together the necessary expertise, innovative methodology and laboratory facilities in PNG and Australia to conduct the study in order to reduce this major burden on child health.  
Aims of the Study
In Papua New Guinea (PNG), there is an early onset of dense bacterial carriage in the upper respiratory tract (URT) and a high pneumococcal (Pnc) disease burden in the first year, especially under 6 months of age.  This study aims to investigate a number of  important, unanswered questions that are critical to evidence-based vaccine intervention: 
1. Is immunization with pneumococcal conjugate vaccine (PCV) safe and immunogenic in PNG infants, when administered according to the standard immunization schedule in PNG (1-2-3 months)?

2. Does neonatal immunization with PCV provide a more favourable antibody response in early childhood than immunization starting at 1 month of age, without compromising safety?

3. Does neonatal or early infant immunization with PCV induce immunologic memory to the relevant Pnc polysaccharides?

4. Does neonatal or early infant immunization with PCV affect nasopharyngeal carriage of vaccine and non-vaccine serotypes?

5. What is the impact of early colonisation with vaccine serotypes on antibody responses (systemic and mucosal) to neonatal or early infant immunization with PCV? 

6. Is the response of PNG infants to Pnc antigens governed by developmental factors controlling postnatal maturation of immune competence?

7. Is there evidence that early carriage of Pnc leads to tolerance or impaired responses to vaccine or non-vaccine Pnc antigens?

8. With respect to immunological safety of neonatal immunization with PCV in PNG infants : 

a) Does neonatal immunization with PCV interfere with humoral and cellular immune responses to concomitant vaccines (diphtheria toxoid, tetanus toxoid and measles)?

b) Does PCV interfere with normal maturation of the immune system, in particular Th1 functions which mature rapidly during infancy?

9. Does PCV reduce the incidence of respiratory morbidity in PNG infants in the first year of life?

In addition, the study will provide a more detailed immunologic evaluation of pneumococcal polysaccharide vaccine (PPV) in the first year of life and will re-establish demographic surveillance within a field site ready for an efficacy study of neonatal immunization, if justified by the results of the present study, or for the evaluation of other candidate pneumococcal vaccines. 
Background: importance of the health problem and work which has led to the project

i)    Pneumococcal disease: a major global health problem of young children 

It is estimated that 2.1 million children die annually from pneumonia – ‘more than HIV, tuberculosis and malaria combined’ (1)  – the majority in the developing world; Streptococcus pneumoniae (pneumococcus; Pnc) is responsible for approximately one million of these deaths (2).  Pnc is also a leading cause of meningitis, bacteraemia and otitis media (OM).  Invasive pneumococcal disease (IPD) is a major cause of morbidity in other indigenous populations as well (3, 4): in Central Australian children <5 years of age, the annual incidence rate of IPD is 935/105 in Aboriginal children compared to 87/105 in non-Aboriginal children (4). Young infants are at particularly high risk of Pnc disease.  In young infants in 4 developing countries, Pnc was the most common cause of serious infection under 1-2 months and of meningitis under age 3 months (5).  Interventions to prevent this mortality and morbidity in infants are urgently needed. The Global Alliance for Vaccines and Immunization (GAVI) has identified protection of infants from early IPD by neonatal PCV immunisation as a priority research area. 
Burden of pneumococcal disease in Papua New Guinean children


Young children in PNG are at particularly high risk for serious Pnc infections.  Pneumonia is the most common reason for childhood hospitalisation and mortality in PNG.  In the Asaro Valley, Eastern Highlands Province (EHP), where we propose this study, mortality rate for acute lower respiratory infections (ALRI) in infants is 2500/105/annum; 56% of all ALRI deaths in children <5 years occur under age 6 months (6).  Pnc accounts for 46% of bacteraemic pneumonia (7), with 26% and 63% of children aged <3 and <6 months, respectively.  Pnc was the most common pathogen isolated in a recent audit of paediatric deaths (8).  Pnc also causes ~45% of bacterial meningitis with 69% of cases <6 months (9).  Pnc penicillin resistance is a concern with the recent emergence of multi-drug resistant strains (10).

Pnc is also a leading cause of mucosal infections such as OM, resulting in chronic suppurative OM and hearing loss (3, 11).  In one study in the Asaro Valley, CSOM was seen in 17% of village children aged 6-11 months (Lehmann, unpublished observations).  The high adult rate of IPD in high-risk populations including PNG (4, 12) reflects ongoing risk factors such as overcrowding but may also be due to an impaired development in long-term immunity to Pnc infections.
ii)   URT carriage of Pnc in high-risk populations and association with disease 

Early onset of dense URT bacterial colonisation in children living in developing countries and other indigenous children is associated with increased risk of disease (11, 13). This early carriage may also lead to immunological hyporesponsiveness to Pnc antigens leading to persistent susceptibility to disease (11).  In the Asaro Valley, all children acquire Pnc by 3 months, 60% during the neonatal period, with a median age of acquisition of 17 days (14) and simultaneous carriage of multiple Pnc serotypes is common (15).  Pnc carriage remains high throughout childhood.  Serotypes contained in PCV (4, 6B, 9V, 14, 18C, 19F & 23F) account for 60% of carriage isolates (16).  Thus non-PCV serotypes are more commonly carried (40%) than in low-risk populations, eg 23% in USA (17).  In a Western Australian study, 41% of Aboriginal children and 12% of non-Aboriginal children are colonised with Pnc by the age of 2 months (18) compared to <10% in USA infants (19).  Furthermore, in PNG we have found that IPD is associated with high acquisition rates and high frequency and prolonged duration of carriage (13) indicating that both systemic and mucosal immunity may be impaired. 
iii)   Natural acquisition of immunity to pneumococcal infections

Despite the large global burden of Pnc disease, relatively little is known about the development of natural Pnc immunity in humans. Protection against IPD is via antibody-mediated opsonophagocytosis.  Pnc CPS and outer membrane proteins (OMPs) are the most important targets of protective immune responses.  CPS is an important virulence factor as it enables the Pnc to survive in blood.  20 of the 90 immunologically distinct Pnc serotypes commonly cause disease.  Antibodies directed at the capsule are serotype-specific with some cross reactivity within serogroups (e.g. 6A & 6B).  Serotype distribution varies according to site of isolation (e.g. nose, blood or CSF), type of disease (OM or IPD), geographic location and age.  This is important when considering potential benefits of Pnc conjugate vaccines (PCV) as the serogroups included in the licensed 7-valent PCV (Prevenar™) account for 89% of IPD in children in USA but only 43% in Asia (20).  In PNG, PCV covers 52% of childhood bacteraemic pneumonia (7).  

Most work on the development of Pnc-specific immunity has focused on serum anti-capsular IgG that correlates with serotype-specific opsonophagocytic activity (OPA).  Vaccine efficacy studies have confirmed their role in protection against serotype-specific invasive disease.  Passively acquired maternal IgG antibodies offer some early protection for infants although duration of maternal antibodies is shorter in developing countries such as PNG (21).  Naturally acquired CPS antibodies are predominantly IgG2 subclass and gradually increase following exposure through carriage but do not reach adult levels against most serotypes until late childhood.  The ontogeny of serum antibody responses to different Pnc CPS varies considerably, with development of CPS IgG following carriage with some immunogenic serotypes (3, 11A, 14) as early as 6 months of age, but not before 2 years of age for less immunogenic serotypes (6B, 19F, 23F) (22, 23).  In PNG infants, despite frequent and heavy carriage, serum anti-capsular IgG levels remain low for the first 2 years of life (24) and children who develop pneumonia have even lower antibody levels (25).  Pnc carriage is also associated with mucosal IgA responses to homologous CPS from as early as age 6 months, starting earlier than serum CPS responses (26).  Mucosal antibodies are likely to be important in protection against mucosal and systemic infections and carriage but there are few data in high-risk infants. 
iv)  Vaccines for the prevention of pneumococcal disease

The recognition that immunity to IPD correlated with anti-CPS antibodies led to the development of a Pnc polysaccharide vaccine (PPV) containing CPS of 23 serotypes.  This vaccine is immunogenic and protects adults against IPD.  However, as CPS is a T-cell independent antigen, its immunogenicity is reduced in infants, with low avidity antibody that may not be functional.  It does not prime for immunologic memory, so protection is short-lived.  PPV does not protect against carriage and offers limited protection against OM (27).  The least immunogenic serotypes in PPV are responsible for most disease in young children in the first world.  However, in the developing world, the more immunogenic serotypes account for a higher proportion of IPD and many elicit protective responses at an early age (24, 28-30). 

Studies of pneumococcal polysaccharide vaccine (PPV) in PNG children

In view of the high rates of IPD in young PNG children, we investigated early use of PPV and demonstrated that PPV given at 6 months to 5 years of age prevents death from ALRI (efficacy 59% and 50% in children aged <5 and <2 years, respectively) with 19% reduction in total mortality in the vaccinated group (31).  In young children, PPV affords some protection against severe but not mild ALRI (32).  Serotype-dependent maturation of antibody responses support efficacy data (24, 31) with 2-fold rises in IgG titres one month post-PPV at ages 5, 6, 9 and 12 months for serotypes 2 ,7F, 23F and 5, respectively, but only after 18 months for PCV serotypes 6B, 14 and 19F.  An effectiveness study of PPV further confirms our efficacy data with a hazard ratio of 0.42 for death at age 12-23 months in immunized compared to unimmunized children (33).  These findings are at variance with results from PPV trials in industrialised countries (34) but the discrepancies may be explained by 1) the high incidence of severe disease and mortality in PNG, thus having the power to demonstrate efficacy, 2) common serotypes causing disease in PNG are immunogenic in PPV and 3) PPV prevents invasive disease but not mucosal infections. Our findings to date support the use of PPV at age 9 months in our proposed study; furthermore, more detailed immunologic assessment of PPV responses in PNG children is indicated, in particular the quality of antibody produced, as antibody avidity influences the functional activity of anti-CPS antibodies (35). 

Pneumococcal conjugate vaccines

The limitations of polysaccharide vaccines can be overcome by conjugating CPS to a carrier protein such as modified diphtheria toxin (CRM197) used in Haemophilus influenzae type b (Hib) conjugate vaccines (36).  Carrier protein-specific T-cells provide help for polysaccharide-specific B-cells via cytokines and co-stimulatory molecules.  This results in a T-cell-dependent CPS antibody response characterised by increased immunogenicity in infants, affinity maturation resulting in high avidity functional antibody and induction of memory with long-term protection.  The success of Hib conjugate vaccines has led to the development of an immunogenic and efficacious PCV (37).  Despite the success of conjugate vaccines the optimal carrier-specific T-cell cytokine response for B-cell stimulation and priming for memory is not known. Indeed, carrier-specific suppression may occur with some combination vaccines where increasing doses of carrier protein results in impairment of antibody response to all vaccines containing that protein (38).  This may limit the number of  serotypes that can be included in PCV.  The avidity of CPS IgG also varies with the carrier proteins used (39).  Preliminary studies of T-cell responses to carrier proteins in adults given PCV suggest that predominantly Th2 cytokines are involved in the carrier protein response (40).

There is only one licensed PCV, Prevenar™ (containing 7 serotypes conjugated to the CRM197 carrier protein), which prevented 97% of IPD due to vaccine serotypes when given at 2, 4, 6 and 12-15 months of age in US infants (37).  There was also a 21% reduction of chest x-ray (CXR)-proven pneumonia (41) and reductions in OM and operations for grommets.  A similar PCV containing 9 serotypes (9V-PCV; addition of types 1 and 5 to Prevenar™) is highly immunogenic at 6-10-14 weeks of age in South African (SA) infants and reduces carriage of vaccine serotypes (42).  There was no reduction in antibody responses to concomitant diphtheria, tetanus or Hib conjugate vaccines (43).  Significant antibody responses (>0.5(g/ml) were seen after one dose at 6 weeks of age in 34-98% of infants (74-99% after 2 doses), depending on serotype, with significantly higher antibody levels for 7 serotypes compared to placebo controls (43).  Responses to 3 doses of PCV seen in SA infants were higher for 6 of 7 serotypes compared to US infants receiving the 7V-PCV vaccine (37), suggesting natural boosting by Pnc carriage in the African children after priming by 9V-PCV.  Preliminary results from the SA trial of 9V-PCV given to 30000 infants indicate efficacy of 85% (95% CI 32-98%) against vaccine-serotype IPD and 25% (4-41%) against CXR-proven pneumonia (all causes), in a high-risk population under a 6-10-14 week schedule with no booster dose (Klugman, pers comm).  There are no studies evaluating PCV with the accelerated PNG schedule at 1-2-3 months of life.  In addition carriage rates in PNG infants are substantially higher and earlier than in SA infants, which may have beneficial or negative effects.  Careful evaluation of the 1-2-3 month schedule is required and it may also be applicable for other high-risk populations such as indigenous Australian infants. 
PCV vaccines induce mucosal immunity with serotype-specific salivary IgA responses in infants (44).  Responses are modest after the primary series; however, evidence of mucosal priming for memory is seen after booster doses and may be important in protection against carriage and OM.  A number of studies have confirmed that PCV reduces nasopharyngeal carriage of vaccine serotypes (38, 42) and may result in reduced disease in unvaccinated individuals or herd immunity as was seen after Hib conjugate vaccines.  PCV also prevented 57% of OM episodes due to vaccine serotypes in Finnish infants (45) but the 34% increase in OM due to non-vaccine serotypes highlights the need for careful follow-up in intervention studies.  To date there has been no increase in IPD due to non-vaccine serotypes following PCV, but this is a potential risk in a high incidence population such as PNG infants where non-vaccine serotypes (e.g. 2 and 7F) more commonly cause IPD.  Before introducing PCV routinely in such populations, it is necessary to monitor the serotypes of Pnc carriage and IPD and the frequency of ALRI following PCV.

PCV is now licensed in North America, Europe and Australia but its cost ($A100/dose) has limited its routine use to USA, Canada and France and Australian indigenous infants.  PCV primes for memory responses to PPV (44, 46) and PPV is used as booster in Australian indigenous children.  This not only boosts PCV serotype responses but also protects against disease due to non-PCV serotypes.  This is important because of possible serotype replacement and the burden of IPD due to non-PCV serotypes in high-risk populations.  A study of alternative regimens of Pnc vaccines (1-2 doses of PCV followed with a booster of PPV), which might be affordable, and logistically more appropriate, will start soon in Fiji (Mulholland, pers comm).  Inclusion of a neonatal dose is awaiting results of immunological safety studies.  Our study will provide this information and additional data on responses to 1 and 2 doses of PCV.

v)   Neonatal immunization

As newborns are particularly susceptible to infectious diseases, the World Health Organization (WHO) has identified neonatal vaccination as a research priority, in particular the quality of Th1 versus Th2 responses to existing vaccines (see vii below) and induction of appropriate systemic and mucosal immune responses.  In neonatal immunization, assessment of antibody alone may be misleading as maternally derived antibody interferes with vaccine-induced antibody production but does not inhibit T-cell responses and priming of memory B-cells (36).  Neonatal hepatitis B and BCG immunization is safe and effective in developing countries with high coverage.  Data on neonatal immunization with polysaccharide-protein conjugate vaccines is limited to ~200 neonates given Hib conjugate vaccines, which were well tolerated with evidence of priming after a single dose (47, 48).  Neonatal immunization with Hib conjugate vaccines with tetanus and CRM197 carrier proteins does not affect Hib or carrier protein antibody responses post-primary immunization, but the Hib-meningococcal OMP conjugate vaccine (PRP-OMP) is associated with a decreased response to subsequent PRP-OMP vaccination, suggesting induction of hyporesponsiveness (49).  The mechanism for this is unclear as there was no evaluation of T-cell responses.  In view of the high mortality from IPD in infancy and to achieve optimal vaccine coverage, an expert WHO committee has recommended evaluation of PCV neonatal immunization (50).  Prior to larger-scale efficacy studies of neonatal PCV in high-risk groups, the safety and immunological feasibility of this approach must be established.  In addition to serum responses to Pnc antigens, assessment of mucosal Pnc antibody is important, given the role of IgA in prevention of Pnc carriage and mucosal infections, including pneumonia.  Neonatal PCV vaccination must also consider potential effects on postnatal maturation of the immune system, in light of recent concerns regarding non-specific effects of immunization on mortality in African children (51) – increased mortality with DTP in African but not PNG children (33) but reduced mortality with measles and BCG vaccines in both populations.  These findings highlight the need for detailed evaluation of non-specific effects of new vaccines and new schedules on the maturation of humoral and cellular immunity during infancy (see vii/viii below). 

vi)   Immune responses to pneumococcal outer membrane proteins

Individuals who are colonised with pathogenic strains may not mount antibody responses against CPS but do not develop disease indicating that other factors, such as antibodies and cellular immune responses against Pnc OMPs, may play a role in protection (52).  Candidate protein vaccines evaluated in animal models showed protection against carriage (pneumococcal surface adhesin A: PsaA), against sepsis (pneumolysin: Ply) and against both carriage and invasive disease (pneumococcal surface protein A: PspA) (52).  Studies in humans support these findings.  Serum anti-PsaA IgG is lower in Gambian infants who are Pnc carriers (53).  In adult Pnc pneumonia, anti-Ply IgG protects against bacteraemia (54).  Anti-PspA IgG protects adults against Pnc colonisation after direct challenge (55) and low levels of PspA IgG are found in children with IPD (56).  

The development of immunity to Pnc OMPs has been studied in Finnish infants in relation to carriage and OM (57, 58).  OMP antibodies are induced by carriage and OM in young children in serum (57) and saliva (58).  The ontogeny of antibody responses varied between proteins: PsaA antibodies rise rapidly to adult levels by 6 months of age, Ply antibodies increase by 12 months but are still below adult levels at 2 years and PspA antibodies are still low at 2 years of age in both serum and saliva (57, 58).  Early appearance of salivary OMP antibodies by 6 months of age was associated with an increased risk of subsequent OM suggesting that early exposure may have resulted in a maladaptive response that is not protective (26).  There are no published data on the ontogeny of T-cell immunity to Pnc OMPs in children.  Variations in the development of T-cell immunity to Pnc proteins may influence systemic and mucosal antibody responses and priming for memory, which is critical in protection against Pnc infections.  Our study will provide better understanding of T-cell responses to Pnc OMPs, their influence on humoral responses and their relationship to carriage and overall maturation of the immune system.  This will be critical for the development of protein-based vaccines.

vii)   Key developmental issues relevant to responsiveness to microbial antigens during infancy
It is evident from animal and human studies that a number of control mechanisms regulating host defence are functionally immature at birth, thus compromising the efficiency of innate and adaptive immunity during early infancy.  One of the manifestations of this developmental deficiency is the relative polarisation of T‑helper (Th) cell activity towards preferential expression of Th2 cytokines, a process that is believed to play a key role in protection of the placenta against the toxic effects of Th1 cytokines such as TNF( and IFN( (59).  This Th2 polarisation is maintained via a series of interlocking cellular and molecular mechanisms, which include attenuation of the capacity of immature antigen presenting cells to elaborate Th1‑stimulatory signals (60) such as IL‑12 (61, 62), and hypermethylation of CpG sites in the proximal promoter of the IFN( gene in neonatal CD4+ Th‑cells (63) which attenuates IFN( gene transcription.  These and related control mechanisms cumulatively maintain the Th2 polarity of adaptive immune function into postnatal life, and we have demonstrated in forerunner studies in human infants that this manifests as the initial selective expression of Th2‑polarised immunity to vaccines such as DTPa (64).

We have additionally demonstrated that the kinetics of postnatal development of the capacity to produce the key Th1 cytokine IFN( is highly variable between individuals, and moreover that expression of stable Th1‑polarised memory to DTPa vaccine is directly linked to this developmental process (65).  There is increasing evidence that under appropriate conditions of priming, neonatal T‑cells have the intrinsic capacity to generate significant Th1 responses, but have higher stimulation thresholds than their adult counterparts (66).  In support of this proposition, it has been demonstrated that in contrast to the DTPa vaccine, immunization with potent Th1‑trophic BCG vaccine elicits strong primary Th1 responses in African infants (67).

It is also evident that variations in the kinetics of postnatal development of Th1 “competence” may also underlie variations in susceptibility to infections in infancy.  In indirect support of this proposition, we have recently demonstrated that expression of an immunological “footprint” of RSV infection (i.e. RSV‑specific cytokine responses by PBMC) was most frequent in infants who were slowest in developing postnatal IFN( response capacity (65).  Severity of symptoms following infant RSV infection has also been linked with an attenuated IFN( response (68-70), and similar suggestions have been raised in regard to IL‑12 (71).

In summary, during infancy the capacity to generate stable Th1 immunity to vaccination, and to mount effective cellular immune defence against pathogenic microorganisms, is (a) highly variable between subjects, and (b) is dependent upon covert developmental processes underlying transition of the immune system from the foetal-like Th2‑polarised state, to the more balanced state typical of adults.  This developmental process is driven by microbial stimulation (both pathogens and commensals) from the extrauterine environment, and involves a range of specialised receptors (notably CD‑14 and the TOLL family).  The genes encoding these receptors are known to be highly polymorphic, and moreover the frequency of functional polymorphisms in these genes varies markedly between populations from temperate versus tropical environments (Lesouef,  personal communication).  Currently, virtually all the information relevant to these important vaccine-related issues is derived from studies on Caucasian infants, and the degree to which such studies are predictive of vaccine responses in paediatric populations such as those in PNG is not known.  Indeed one would expect, with the heavy load of diverse pathogens to which the young infant is exposed in these populations, that the vaccine responses and the maturation of the immune system would be very different.

viii)   Early bacterial colonisation and susceptibility to invasive infection:  significance of neonatal “tolerance” phenomena
It has recently been recognised that the developmental mechanisms underlying postnatal acquisition of balanced Th1/Th2 immunity are also central to the phenomenon of neonatal tolerance.  The latter process involves the predilection of the immature immune system to respond to initial antigenic challenge via the development of specific unresponsiveness.  However, the readout systems employed to define neonatal tolerance almost exclusively measure Th1 immunity, and it has recently been shown that ostensibly “tolerised” neonates in fact manifest covert Th2‑polarised immunity, which is preferentially primed at this age due to the pre‑existing Th2 bias in the immature immune system.  Importantly, as well as favouring the manifestation of Th2‑polarised immunity during primary immune responses in infancy, this can also result in development of Th2‑biased Th‑memory which is revealed by re‑challenge in adult life (72).

To date, these experimental neonatal tolerance systems have focused upon responses to inert antigens.  However, a recent study on murine RSV infection indicates that identical principles apply to immunity to infection during the immediate postnatal period (73, 74).  In particular, if initial RSV infection occurs very early during infancy it triggers Th2‑polarised primary immunity, and also generates Th2‑polarised memory which is preferentially recalled following reinfection in adulthood.  Moreover, the older the mice are at the time of initial RSV exposure, the greater is the Th1 component in both their primary and (subsequently) secondary immunity, and eradication of the infection is correspondingly more efficient.

In the context of this project, we hypothesise that similar principles are applicable to resistance mechanisms relevant to bacterial infection, including pneumococci.  In particular, studies from several centres (11, 16) suggest that colonisation of respiratory mucosal surfaces with Pnc during early infancy may compromise capacity to subsequently develop efficient long-term immunity to IPD.  This raises the possibility that “neonatal tolerance” to polysaccharide and/or protein antigens associated with Pnc may develop in response to early colonisation during infancy.  By analogy with the findings above relating to RSV, the Th2 component of host immunity may also dominate responses to Pnc during early infancy.  It is feasible that this response phenotype may contribute to the development of a stable (non‑inflammatory) relationship between Pnc and the upper respiratory mucosa, in disease-free subjects who carry this organism as a commensal.  This has a precedent in findings demonstrating the key role of Th2‑associated IL‑10 in maintaining stable host-commensal relationships in the gastrointestinal mucosa (75), and we propose to ascertain whether similar form(s) of T‑cell immunity are associated with persistent Pnc carriage in PNG infants.

Additionally, based upon experience from animal model systems, we believe it is likely that Th2 immunity of this nature has the potential to compromise the development and/or expression of Th1 immunity in response to PCV or Pnc carriage and indeed during invasive Pnc disease.  Consequently, an important element in the study described below will be comparison between the responses to PCV in children colonised with Pnc at different stages during infancy, focusing in particular on subjects colonised during the first two weeks of life, when the Th2 polarity of their immune systems should be maximal.

Rationale for the proposed study
Infants in PNG are at extremely high risk for IPD with a substantial burden of disease in the first 6 months of life. Similar to other high-risk populations, PNG infants have early onset (<1month of age) of dense URT colonisation with multiple strains of Pnc, which may have long-term effects on the development of immunity to Pnc disease.  Pnc conjugate vaccines that are efficacious in American and African infants need evaluation in this high-risk population. In order to obtain the earliest possible protection against invasive disease, achieve optimal coverage and reduce burden of early Pnc carriage, a schedule including neonatal immunization needs to be considered.  This study will provide proof of principle of the safety and immunological feasibility of neonatal PCV immunization which is essential before progression to larger-scale studies in high-risk populations, and will also examine the effect of early carriage on the development of systemic and mucosal immunity to Pnc infections and the impact of early PCV on carriage.  It will further our understanding of the basic and humoral immunological mechanisms underlying conjugate vaccine responses during the critical neonatal period, and in particular will provide new insight into the interactions between the developing T‑cell system and the vaccine.  These studies address crucial issues related to the optimal use of current infant vaccines and the design and development of new vaccines, for Pnc and other pathogens.  The PNG Institute of Medical Research (PNGIMR) has 30 years experience in carrying out community-based multidisciplinary research, particularly in respiratory diseases, and is a designated WHO Collaborating Centre for Research and Training on Acute Respiratory Infections.  The Institute for Child Health Research (ICHR) has unique expertise in large-scale cohort studies related to perinatal immune function.  Bringing these two groups together in the project will create an exciting opportunity for a comprehensive and coordinated attack on this major problem of child health.

Experimental design and methods to be used in investigating these scientific questions

i)   Overall study design 

We propose to conduct an open, randomised controlled trial (RCT) of reactogenicity and immunogenicity of a 7-valent Pnc-CRM197 conjugate vaccine (Prevenar() in 312 infants in the Asaro Valley, PNG, where extensive population- and hospital-based research has been conducted into the epidemiology and prevention of ALRI (6).  Following ethical approval, principally by the PNG Medical Research Advisory Committee (MRAC) and also by the respective institutional review boards in Australia, demographic surveillance will be established in villages of Lowa Census Division (CD).  Pregnant women will be enrolled in these villages and also at the Goroka Hospital antenatal clinic.  Following delivery, infants will be randomised to one of three equal-sized groups to receive: 1) PCV at ages 0-1-2 months, 2) PCV at ages 1-2-3 months and 3) no PCV in addition to routine infant immunizations and PPV at age 9 months.  Table 1 shows the vaccines given, samples collected and surveillance maintained.  Nasopharyngeal Pnc colonisation will be assessed frequently for the first 4 weeks of life and at regular intervals thereafter to look for effects of early colonisation on subsequent immune responses to PCV and vice-versa. Infants will undergo comprehensive immunological evaluation for systemic and mucosal antibody responses, T-cell-specific cytokine responses, induction of immunologic memory for PCV CPS and antibody avidity maturation.  We will also examine kinetics of postnatal maturation of humoral and T-cell immunity over time. 
Table 1.  Neonatal Immunization with Pnc Conjugate Vaccine Study Outline

	
	Birth
	1 -3wk


	1mth


	2mths


	3mths


	4mths
	6 mths


	9mths
	10mths


	18mths

	Group 1

Neonatal PCV
	HepB, BCG, OPV, PCV
	
	DTP/Hib,  HepB, OPV, PCV
	DTP/ Hib, OPV, PCV
	DTP/ Hib, OPV, HepB 
	
	Measles
	PPV Measles
	
	

	Group 2

Infant PCV 
	HepB, BCG

OPV
	
	DTP/Hib, HepB, OPV, PCV
	DTP/Hib, OPV, PCV
	DTP/Hib, OPV, HepB, PCV,
	
	Measles
	PPV Measles
	
	

	Group 3

Control
	HepB, BCG

OPV
	
	DTP/Hib, OPV, HepB
	DTP/Hib, OPV
	DTP/Hib, OPV, HepB
	
	Measles
	PPV Measles
	
	

	Nose Swab
	
	weekly
	X
	
	X
	
	
	X
	
	X

	Saliva 1-2 ml
	
	
	X
	X
	X
	X
	
	X
	X
	X

	Serum 2-4 ml
	X*
	
	
	X
	X
	X
	
	X
	X
	X

	PBMC 3-5ml
	X*
	
	
	
	X 
	
	
	X
	X
	X

	Morbidity surveillance
	
	
	
	
	
	
	
	
	
	


HepB: hepatitis B vaccine; PCV: 7-valent Pnc-CRM197 conjugate vaccine; OPV: oral polio vaccine; DTP: diphtheria-tetanus-whole-cell pertussis; Hib: Haemophilus influenzae type b tetanus toxoid conjugate vaccine (PRP-T); PPV: 23-valent Pnc polysaccharide vaccine
* Cord blood sample: total 10ml taken for PBMC (peripheral blood mononuclear cells)
ii)  Field methods

Study setting 

The Asaro Valley lies 6( south of the equator and people live between 1500 and 1900 metres above sea level. Goroka town (1990 census: population 18000) is the provincial capital.  PNGIMR headquarters, laboratories and small clinic are located next to Goroka Hospital, the only tertiary hospital in the area, where most women from the study area deliver and where there are daily antenatal clinics.  Living standards vary widely in the town.  The Lowa CD (1990 census: population 29000) is adjacent to Goroka town; people live in villages (accessible by 4WD vehicles on unsealed roads) and are primarily subsistence farmers.  

A network of village reporters carried out demographic surveillance by house-to-house-visiting on a random sample of the population of the Asaro Valley, including Lowa CD and Goroka town, for epidemiological studies of respiratory and enteric diseases (6).  In the late 1980s, infant mortality and crude birth rates in Goroka were 32/1000 livebirths and 43/1000/annum, respectively; equivalent figures for Lowa CD were 45 and 31.  More than 70% of women delivered in hospital (DL unpublished data); now, supervised delivery rates are likely to be higher.  Over 1000 women attend the antenatal clinic at Goroka Hospital annually.  D Lehmann and the field supervisor G Saleu are well-known to local residents and have intimate knowledge of the area as well as the methodology from these earlier studies.  Population-based HIV prevalence data are not available; however, no positive cases were found during a recent survey of 220 sex workers in Goroka.  

Demographic surveillance and recruitment of study participants

After informing communities about the study, a house-to-house census will be undertaken in those villages previously under surveillance in Lowa CD.  Surveillance by local reporters will identify pregnant women, ensure close monitoring for safety of neonatal immunization for 18 months post-vaccination and re-establish a population base for future studies including an efficacy trial of neonatal PCV if appropriate.  If necessary, surveillance will be extended to neighbouring villages to include a total population of more than 3000 in order to identify 100 pregnant women annually.  A nurse will also recruit women through antenatal clinics at Goroka Hospital to enrol an equal number of urban children.  In view of the intensive monitoring schedule, no more than 2 urban and 2 rural mothers will be recruited weekly.  Data on URT carriage rates in the urban population are not available; however, we might expect later onset of URT Pnc carriage in babies living in the less crowded, more hygienic urban living conditions.  By enrolling equal numbers of participants from urban and rural areas we can investigate the effect of early onset of carriage on subsequent immune responses.  Following enrolment at antenatal clinic, a home visit will be done to collect social and demographic data on the entire household (for comparison between urban and rural areas).  This will help re-establish an urban population base for future trials.  Weekly surveillance of all households in enlisted villages and of enlisted families in Goroka will continue for the entire study period for safety monitoring, identification of potential new participants, registration of deaths and migrations in and out of the area.  Each person under demographic surveillance is assigned a unique identifying number used to link all data.
Enrolment of study participants and consent


Once staff have been trained and a village is under weekly surveillance, pregnant women can be enrolled, while continuing to expand the demographic base.  Informed consent will be sought antenatally.  The standard process for obtaining informed consent for studies in PNG, as used and documented by the PNGIMR and approved by the Medical Research Advisory Committee of PNG (MRAC), will be followed.  Information will be collected on parity, number of antenatal attendances, illness and treatment given during pregnancy and timing of routine maternal immunization with tetanus toxoid.  PNGIMR will assist with transport to encourage women to attend antenatal clinics and deliver at Goroka Hospital. 

Inclusion criteria and recruitment

Infants of women intending to remain in the area for at least 2 years with a birthweight >2000 g, no acute neonatal infection and no severe congenital abnormality will be recruited.  The majority of babies selected for the study will be born in hospital, but children born at home may also be included if appropriate.  Note that not all mothers enrolled will have babies recruited to the study, depending on the number born in any particular week, collection of a cord blood sample and condition of the baby.  Formal recruitment will begin with the routine vaccinations (BCG, OPV, HepB), which should be given within 72 hours of birth.  While there will be no routine HIV testing, children of mothers known to be HIV positive will be excluded.  Computer-generated lists of random numbers will be used for block randomization (see vii below).      

Immunization schedule and follow-up

Village reporters will inform study staff if a woman has delivered outside hospital.  A study nurse will visit the delivery ward at Goroka Hospital at least once daily to identify newborns to enrolled women.  Following recruitment, infants will be randomized to one of three equal-sized groups to receive: 1) PCV at ages 0-1-2 months, 2) PCV at ages 1-2-3 months and 3) no PCV.  Birthweight and weight at each follow-up visit will be recorded.  Routine infant immunizations will be given in accordance with the PNG schedule (Table 1).  As PCV has not been evaluated in this population previously, the first 52 infants will be randomized to groups 2 or 3 only, and the safety data will be reviewed by an independent safety monitoring committee.  Conjugate Hib vaccine (ActHib(), which is mixed with DPT, has recently been introduced into the immunization schedule in PNG, after being shown to be safe and immunogenic in this population when given at ages 1, 2 and 3 months (76).  Since it is in short supply, we may have to purchase it.  BCG and DPT/Hib are routinely administered in the deltoid muscle.  Hepatitis B and measles will be given in the right thigh.  PPV (at 9 months) and PCV will be given in the left thigh. 
All immunizations will be given either in Goroka Hospital or at the PNGIMR clinic.  Following immunization, children will be monitored at the clinic for 2 hours. Children will then be seen 1 and 2 days after each dose during primary immunization and on day 7 following PPV to check for local or systemic reactions. Children will be seen weekly by nursing staff to age 4 weeks.  Guardians will be informed of time of appointments and transport to Goroka clinic will be arranged.  If they fail to attend their appointment, we will make 3 further attempts to bring the children for routine follow-up.  Guardians may choose to remove their child from the study at any time.  Participants will cease to be in the study if they suffer an allergic reaction to vaccination or have inadvertently been given routine immunizations by someone other than the study nurses.  All such children will continue to receive medical attention from clinic and field staff as required.

Morbidity surveillance

Throughout the first year of life reporters will complete morbidity reports, which will be reviewed weekly by medical staff and then fortnightly to age 18 months.  Parents will be encouraged and assisted to bring children in to the PNGIMR for examination and treatment if sick.  Blood culture and nasal swab will be done on children with cough and raised respiratory rate (77).  Children with moderate pneumonia (lower chest wall indrawing) or severe pneumonia (chest indrawing and enlarged liver or cyanosis) will be hospitalised; blood culture, nasal swab and a chest x-ray will be taken.  CXRs will be read by the senior physician (I Betuela) and a sample then reviewed by a radiologist recommended by the WHO radiology group.

iii)  Safety monitoring board

A safety monitoring board (SMB) will be established, including independent clinicians from PNG and Australia.  If the board finds nothing untoward following the first block of 52 immunizations of groups 2 and 3, the trial will then be authorized to proceed including neonatal immunization (group 1).  Clinical and immunogenicity data will be sent regularly to the clinical monitors.  Throughout the study, all adverse events will be reported and any serious adverse events will be immediately reported to the SMB.  In particular, they will examine the data for any evidence of tolerance/immune suppression in addition to serious adverse events.

iv)
  Specimen collection 

This study will involve collection of cord blood and a total of 6 blood samples over the first 18 months of life (3 samples before 6 months).  Nurses at PNGIMR have extensive experience in venepuncture for culture and immunogenicity studies in young infants (5, 76).  Preparation of PBMCs also allows for collection of 1.5-2ml plasma, which will be defibrinated and used for serological assays (IgG subclasses, OMP IgG) if insufficient serum is collected.  This has been validated in our laboratory and defibrinated plasma is the source for the WHO pneumococcal QC sera.  All specimens will reach the laboratory within 2 hours.


Serum (2-4ml) will be taken at birth (cord), 2, 3 and 4 months of age (initial responses to 1, 2 and 3 doses of PCV), 9 and 10 months (pre- and post-PPV booster) for memory to PCV serotypes, and for antibody persistence at 18 months.  Pnc serotype-specific IgG antibodies in serum will be measured on all samples.  CPS IgG and IgG subclasses will also be measured.  Heparinised blood (3-5ml) will be collected for T-cell cytokine studies from cord blood and at 3, 9, 10 and 18 months of age to examine development of Pnc and vaccine-specific immunity as well as overall development of Th1/Th2 immunity.  This amount of blood has proven sufficient in previous studies by our group (65) for the assays proposed. 
Table 2.  Outline of Serological and Cellular Assays Performed at Each Timepoint 

	Sample
	Antigens
	Birth*
	1

month
	2

months
	3

months
	4

months
	9

months
	10

months
	18 

months

	Serum

(2-4ml) /

Plasma

 
	CPS IgG*
	X
	
	X
	X
	X
	X
	X
	X

	
	CPS IgG Avidity†
	X
	
	X
	
	X
	X
	X
	

	
	CPS IgG1 & IgG2†
	X
	
	
	X
	
	
	X
	

	
	Pnc OMP IgG‡
	X
	
	
	X
	
	X
	
	X

	PBMC

(3-5ml)
	PHA, LPS/IFN, PPD, SEB
	X
	
	
	X
	
	X
	X
	X

	
	CRM197, DT, TT, OMP‡, HDM, RSV
	
	
	
	X
	
	X
	X
	X

	
	Measles
	
	
	
	
	
	X
	X
	

	Saliva 

(1-2 ml)
	CPS IgA†
	
	
	X
	
	X
	
	X
	X

	
	Pnc OMP‡
	
	X
	
	X
	
	X
	X
	X


* Pnc CPS types 4, 5, 6B, 9V, 7F, 14, 18C, 19F, 23F; † Pnc CPS types 6B, 7F, 14, 19F;  ‡ pneumococcal OMPs PspA, PsaA, Ply

Saliva samples will be examined for mucosal IgA responses to vaccine and Pnc antigens. Saliva (1-2ml) will be collected using surgical eye spears, transported to the laboratory at 2-8C, centrifuged and stored at –70C.  PNGIMR staff have experience in saliva collection.  We have evaluated different saliva collection methods and found salivary Pnc CPS IgA collected by eye spears similar to collection by direct suction (Pomat unpublished).  Eye spears are being used in a infant cohort study in Kalgoorlie, WA, and Pnc IgA assays have been successfully completed on these samples (Kyd, pers comm). 

Pernasal swabs will be collected to determine the effect of early carriage on subsequent responses to PCV and the development of Pnc immunity and also the impact of neonatal PCV on URT carriage.  Swab collection, transport and storage will employ a standardised methodology (78) which has proven to be very effective in our earlier studies in PNG (16) and Australia (11,18). 

v)   Laboratory methods 
All laboratory staff will be blinded to subject treatment group.

Bacteriology:  Standard procedures established at PNGIMR for bacterial isolation from pernasal swabs will be used, including the use of selective media and semi-quantitative assessment of colonisation density (15, 16).  Samples will be stored for characterisation of respiratory pathogens other than Pnc.  Serogrouping will be done on 4 Pnc colonies per plate by the Quellung reaction to detect multiple populations.  Serotyping (e.g. type 6A or 6B) will be performed where appropriate by the Pneumococcal Reference Laboratory, Brisbane, through an existing relationship with PNGIMR.  To examine effects of PCV on the prevalence of antibiotic-resistant isolates, antimicrobial susceptibility of Pnc will be determined by disk diffusion and suspected resistance confirmed by E-test. 

Pnc serology: Serological testing of serum and saliva will be performed at PNGIMR under the supervision of Mr Pomat.  Serotype-specific Pnc IgG serum antibodies will be measured by the standardised WHO enzyme-linked immunosorbent assay (ELISA) as previously described (21, 24) modified with preincubation of unknown sera with cell-wall polysaccharide and CPS 22F to improve assay specificity as recommended.  The sera will be assayed for IgG for all seven PCV serotypes as well as non-PCV serotypes 5 and 7F that are important causes of IPD in PNG.  International quality control sera (provided by D. Goldblatt, WHO Pneumococcal Serology Reference Laboratory, London) will be used to ensure consistent assay performance.  

The amount of serum (or plasma) and saliva available may limit the number of additional serological investigations that can be performed.  A summary of assays proposed at each time point is shown in Table 2.  At least 4 representative serotypes will be selected for each assay to allow correlation between assays for serotype- specific results. These include PCV serotypes 6B, 14 and 19F (all common carriage isolates and causes of IPD in PNG) and non-PCV serotype 7F, which is the most common cause of IPD in young PNG infants (79).  Antibody avidity for CPS IgG antibodies will be assessed in PNG using a modified elution ELISA with the chaotrope, sodium thiocyanate (NaSCN) as described (80) with modifications for the WHO Pnc ELISA. Avidity index is the concentration of NaSCN resulting in a 50% reduction in OD.  Serotype-specific Pnc IgG1 and IgG2 subclass antibodies will be assayed in sera (or defibrinated plasma) at selected time points by standardised ELISA with 89SF reference sera as above with substitution of appropriate monoclonal enzyme conjugate.  Serum IgG responses to Pnc OMPs PspA, PsaA and Ply will also be measured by ELISA as described (57). 
Salivary ELISA methods that have been established (through collaboration with Dr H. Kayhty’s laboratory) to measure IgA responses to selected CPS serotypes (6B, 7F, 14, 19F) (44), and Pnc OMPs, PspA, Ply and PsaA (58), on samples as shown in Table 2.  Pnc salivary IgA will be expressed as percentage of total salivary IgA.  The low CPS antibody concentrations in saliva and limitations on the amount able to be collected will mean that only CPS or Pnc OMPs will be measured at time points <10 months of age (Table 2).

Concomitant vaccine responses:  Antibody responses to diphtheria toxoid (DT), tetanus toxoid (TT) and Hib at 4 months of age will be measured by standardised ELISA as previously described (81).  Hepatitis B antibody will be measured using a routine clinical laboratory assay.  Children having antibody levels that are not protective will be offered the appropriate booster immunization(s). 
Cellular immune responses:  Adaptive and innate immune functions will be assessed in children at birth, and at 3, 9, 10 and 18 months of age, employing methods in current usage in prospective cohort studies in Perth.  The Holt laboratory has developed robust methods for immunoepidemiological field studies based upon on‑site collection of blood, and local processing to yield purified peripheral blood mononuclear cells (PBMC) which are immediately cryopreserved, and subsequently shipped under liquid nitrogen to a central laboratory for later assay.  The T‑cell culture systems comprise bulk culture stimulation employing (0.5x106 cells per sample, to minimise detection problems associated with low frequency of circulating responder cells.  

The choice of sampling times for T-cell studies (cord, 3, 9,10 and 18 months) is based on results from our earlier studies (64, 65) and from ongoing cohort studies.  Our interest in cord blood analysis is based on recent results suggesting that neonatal cytokine production profiles are predictive of immune response capacity at age 2‑4 years (82).  The sample at 3 months was chosen to provide a profile of early T‑cell immunity to Pnc antigens in unvaccinated subjects, versus those who had been given 3 vaccine doses commencing at birth or delayed until one month of age.  Secondarily, it will permit assessment of possible effects of PCV on postnatal maturation of overall immune competence and/or responsiveness to index vaccine components (DT, TT).  The bleeds at 9 and 10 months will permit us to assess firstly the stability of PCV carrier-specific T‑cell immunity in the different groups ((6 months after the last vaccine dose), and secondly will permit assessment of the effects of PCV on the memory T‑cell response to measles, which is the third index vaccine in the study.  The final bleed at 18 months will provide data on T‑cell memory to the PCV vaccine, and a logical end-point to the section of the study involving assessment of kinetics of postnatal maturation of immune functions.

An additional important aspect of the study involves assessment of T‑cell immunity to Pnc antigens, and to this end we have obtained supplies of Pnc OMPs PspA, Ply and PsaA from Prof J. Paton, Adelaide.  During the early phase of the study we will assess antibody responses to the individual Pnc OMPs, and from these results select a single Pnc OMP for the main T‑cell studies.  Initial pilot experiments in our laboratories suggest PspA is the likeliest candidate.  Responses to the PCV carrier protein (CRM197) will also be measured.

Analysis of T‑cell responses to concomitant vaccines will focus on TT and DT, and measles extract, as in current usage in T‑cell studies in our labs.  This will provide information relevant to immunological safety of neonatal PCV, notably whether it modulates responses to these other vaccines e.g. via enhancement of normal postnatal maturation of Th1/Th2 functions.  The latter will be independently measured via responsiveness to the polyclonal T‑cell mitogen PHA, and the innate immune system stimuli LPS/IFN(, as in earlier studies (64, 65).  An additional aspect of immunological safety monitoring will focus on potential bystander effects of reduction in carriage by PCV on respiratory mucosal homeostasis.  Effects on susceptibility to viral infections such as respiratory syncytial virus (RSV), or responses to inhalant allergens, in particular house dust mite (HDM), may result in increasing respiratory tract symptoms such as wheeze and accordingly we will include RSV and HDM in the test panel.  If enough cells are available, PPD (purified protein derivative of M. tuberculosis) and SEB (staphylococcal enterotoxin B) will be included as these provide valuable additional information on responsiveness of infants to microbial stimuli (82).

Cytokine analyses will be carried out by quantitative real-time PCR (Taqman) on cell culture pellets, or on culture supernatants by ELISA (techniques in routine use in Perth).  Cytokines to be measured by ELISA will be IL‑5, IL‑6, IL‑10, IFN(, IL‑12 and TNF(.  We have determined that these cytokines are readily detectable at the protein level in the majority of infants (3 months of age.  Cytokines to be measured by PCR (due to low production levels and/or unavailability of ELISA reagents) will be IL‑4, IL‑9, IL‑18 and IL‑23.  The choice of cytokines to be measured is based upon our earlier experience with cohort studies in Perth infants.  The Th2 cytokines IL‑4, IL‑5, IL‑9 and IL‑13 dominate vaccine responses in early infancy in Australian subjects, with the pattern changing towards a mixed and/or Th1‑dominated (IFN() response by 18 months.  If “neonatal tolerance” phenomena are operative in some Pnc responses, these may be revealed as Th2‑polarised memory and hence it will be important to obtain comprehensive information on these latter cytokines.  Alternatively, Th1 immunity may develop in PNG infants much more rapidly postnatally as a result of more vigorous microbial stimulation of the immune system and if so this has important implications for vaccine efficacy and safety.  Accordingly we will expand the range of Th1-associated cytokines to be measured to IFN(, TNF(, IL‑18 and IL‑23, and include IL‑12 which plays a dominant role in driving the Th1 pathway.  IL‑6 and IL‑10 are important regulatory cytokines produced by both T‑cells and monocytes/macrophages, IL‑10 being of particular interest because of its potential connection with T‑regulator cell activity.

vi)
   Specific scientific questions

1.  Safety and immunogenicity of PCV under an accelerated 1-2-3 month schedule in PNG infants 
PCV has been shown to be safe and efficacious against IPD in SA infants given at 6-10-14 weeks of age (Klugman, pers comm).  The standard PNG immunization schedule is at 1-2-3 months of age to achieve optimal vaccine coverage.  PNG infants have higher Pnc carriage rates than reported in SA infants, which may affect immune responses to PCV.  It is important that the reactogenicity and immunogenicity of PCV be established in this population at 1-2-3 months of age in comparison to control infants receiving the standard PNG infant immunizations.  The response in SA infants after 1 and 2 doses of PCV at 6 and 10 weeks respectively suggests that fewer than 3 doses may be necessary in some populations (43).  Therefore antibody responses to 1 and 2 doses will be examined.  Immunogenicity will be primarily assessed by serotype-specific serum IgG at 2, 3 and 4 months of age, in comparison to responses in infants not receiving PCV.  

2.
Safety and immunogenicity of neonatal immunization with PCV in PNG infants and comparison with early infant immunization

Should infants be able to mount appropriate immune responses to PCV in the first week of life, then neonatal PCV should result in earlier protection against IPD due to vaccine serotypes and may provide protection against early carriage.  Though neonatal responses to PCV may appear modest because of maternal antibody present, conjugate vaccines may still prime for memory (36).  For our primary outcome, serum Pnc serotype-specific IgG antibody at age 2 months will be compared between neonatal PCV and control groups.  This will assess whether there is a booster antibody response to the second dose of PCV in the neonatal group compared to infants given their first dose at 1 month of age and to naturally acquired antibody levels in the control group.  This will determine whether neonatal PCV results in earlier protection, and monitoring will show whether safety has been compromised.  We note that a safe and equally immunogenic outcome would be a more favourable response to neonatal PCV, since neonatal administration has the major logistic advantage of increasing uptake of the vaccine in the population.

3.
Induction of immunologic memory by neonatal and early infant PCV in PNG infants

PNG infants remain at ongoing risk of IPD in the first 5 years of life.  Long-term protection induced by PCV depends on the successful priming for immunologic memory so infants can mount brisk anamnestic antibody responses on subsequent challenge.  All infants will receive 23-valent PPV at 9 months of age (6 months after their primary course) to evaluate the induction of memory to PCV serotypes.  These serotypes in PPV are not immunogenic in PNG infants at age 9 months (except for 23F) (24) so that significant IgG responses to PCV serotypes compared to PCV-naive controls will indicate the induction of memory.  This vaccine is efficacious from age 6 months and provides some cover against serotypes which are important causes of IPD in this population.  Antibody avidity maturation (post-primary to post-booster immunization) will also be assessed as it is a surrogate marker for the induction of memory after conjugate vaccines (39, 80, 81) and influences the functional capacity of antibodies produced (35).  Avidity maturation will be assessed by comparing changes in avidity index between 4-, 9- and 10-month samples in comparison to controls.  Antibody persistence will be evaluated with blood samples at 18 months of age.

4.
The impact of neonatal versus early infant vaccination upon nasal carriage of pneumococci
Reduction in the burden of early Pnc carriage in the critical neonatal period may have an important impact on early disease as well as the development of long-term immunity to Pnc infections.  Regular carriage sampling in the first month of life will assess the impact of neonatal PCV immunization, and carriage will be assessed at regular intervals thereafter to determine persisting effects of PCV on carriage compared to controls.

5.
The impact of early colonisation with vaccine serotypes on antibody responses (systemic and mucosal) to neonatal and early infant immunization with PCV 

In the Asaro Valley 60% of infants acquired Pnc in the URT by 15 days of age.  PCV serotypes are responsible for 59% of carriage isolates in the first 3 months of life in PNG (16).  Swabs will be collected at weekly intervals during the first month to identify children with early (( 2 weeks) colonisation.  This will allow evaluation of the effects of early colonisation on systemic antibody responses to subsequent PCV immunization.  Effects of time of colonisation and PCV on mucosal immunity (salivary IgA responses to Pnc CPS and OMPs) will also be assessed . 

6.
The relationship between the capacity to respond to Pnc antigens and developmental factors controlling postnatal maturation of immune competence

(a)
 Development of natural immunity to Pnc antigens
Humoral immunity will be assessed as serum IgG and salivary IgA responses to CPS and Pnc OMPs at regular intervals, and cellular immunity as in vitro Th1/Th2 cytokine production.  In this initial assessment of natural immunity, we will focus on the study group who do not receive PCV.  Serological assays for measuring serum and salivary antibody responses to Pnc CPS and OMPs established in our laboratory will provide detailed information on the ontogeny of humoral Pnc systemic and mucosal immunity in this high-risk population.

Our forerunner T-cell studies on a cohort of 130 subjects (64, 65) have demonstrated that the kinetics of postnatal cytokine response capacity is highly variable amongst Australian infants, and in particular Th1 response capacity is slow to develop over the first 18 months of life.  Moreover, development of this function appears to be rate-limiting in relation to competence to respond to vaccines, and may be similarly related to competence to resist infection (65).  Comparable data of this nature are not available from similar-sized cohorts of infants in third world countries, where the overall levels of microbial exposure are much higher.  It is now accepted that microbial exposure during infancy constitutes the principal stimulus for postnatal maturation of Th1 function and it is possible that Th1 functions in PNG infants may mature much faster, due to the higher levels of environmental microbial stimulation.  We propose to resolve this important question via analysis of generalised (and Pnc‑specific) immunity in the PNG cohort, compared with data from the Perth cohort (64, 65).

(b)
 Development of PCV-induced T‑cell immunity to Pnc antigens

Based on experience from studies on Australian infants, we will seek to ascertain whether quantitative and qualitative aspects of vaccine-induced Pnc CPS and carrier protein‑specific immunity are directly related to the  underlying capacity to transcribe cytokine genes in polyclonal-induced responses, and/or whether vaccine response capacity is related to kinetics of maturation of cells of the innate immune system (in particular, IL‑12 responses).  Studies on Perth children also suggest that aspects of the functional capacity of cord blood mononuclear responses are predictive of subsequent immunological reactivity during infancy (82), and on this basis the proposed PNG analyses will also include cord blood functions and how these relate to subsequent postnatal maturation of immune competence including responsiveness to PCV.

Our previous findings indicated a strong Th2‑bias in early vaccine responses, and relative instability in Th1 memory up to 18 months of age (64, 65).  In relation to vaccine design, this argues for considering the use of stronger (Th1-trophic) adjuvants to boost vaccine responses in this age range.  However, the parallel situation with respect to vaccine responsiveness in infants in a third world setting is largely undefined, and different strategies may need to be considered for improvement of vaccine efficacy in such populations.  Information relevant to this important issue can be readily obtained in this study by comparing data on tetanus-specific T‑cell responses in PNG infants to those found in the earlier Perth study.  These data will also be employed in relation to assessment of vaccine safety (see 8 below). 

(c)
 Colonisation with Pnc

We will additionally test the possibility that variations in the functional competence at birth of cells of the innate and adaptive arms of the immune system may influence susceptibility to colonisation with Pnc during the immediate postnatal period.  A variety of evidence from our group and others derived from studies on cord blood cells (83) suggests that delayed/attenuated functional maturation of Th1‑associated effector mechanisms during foetal life may result in some individuals being in a transient state of “developmental immunosuppression” in early infancy, relative to the population at large.  This subgroup will potentially respond to environmental antigens less efficiently than the population average.  We will assess polyclonal T‑cell function and innate immune function in cord blood cells from PNG infants, and relate these data to subsequent patterns of Pnc colonisation and manifestations of natural and vaccine-induced immunity to Pnc, to ascertain whether these outcomes are influenced by immune status at birth.

7.
Early carriage of Pnc as a potential cause of  impaired responses to vaccine and non-vaccine Pnc antigens

We will seek to define the relationship between the timing of nasal colonisation with Pnc and (i) the kinetics of acquisition of natural and vaccine-induced Pnc‑specific immunity, and (ii) the Th1/Th2 balance within these responses.  Of particular interest will be the possibility that early colonisation with Pnc in the neonatal period may induce a form of “tolerance” associated with priming of Th2-polarised immunity to Pnc‑antigen(s), which may in turn modulate host capacity to develop natural or vaccine-induced immunity to Pnc.

8.
Assessment of  immunological safety of neonatal immunization with PCV in PNG infants
(a) Possible interference with immune responses to concomitant vaccines (DTP and measles)

Similar to concerns with early onset Pnc carriage, neonatal immunisation with PCV may result in preferential Th2 priming for the PCV carrier protein CRM197 which may affect subsequent responses to the virtually identical DT component of DTP vaccine.  The potential for non-specific interference with responses to two additional “index” vaccines, the TT component of DTP vaccine which elicits a mixed Th0‑like response in infants which includes a strong Th2 component (64, 65), and the measles vaccine which elicits a response with a stronger Th1 component, will also be assessed.  T‑cell cytokine responses to all these vaccines will be measured in the three study groups, to ascertain in particular whether neonatal PCV modulates the Th1/Th2 balance in host responses. Antibody responses to concomitant TT, Hib (PRP-TT) and DT will be measured at 4 months of age to ensure that there has been no interference with humoral immune responses.  In this population all children achieve protective anti-tetanus and anti-diphtheria toxin antibodies after 3 doses of ActHib( (76).  
(b)  Non-specific interference with normal maturation of the immune system, in particular Th1 immunity 
Given the important role of microbial stimulation in driving the postnatal maturation of immune function(s), it is theoretically possible that PCV, particularly if given in the neonatal period, may contribute to this drive and hence accelerate the normal maturation process.  This represents a possible safety issue, as (for example) precocious postnatal maturation of Th1 function may pose potential risks for inflammatory disease.  Alternatively, PCV may promote non-specific Th2 immunity and delay Th1 maturation resulting in increased susceptibility to infectious and allergic diseases.  Accordingly, specific analyses will be performed to contrast the kinetics of postnatal maturation of Th1/Th2 response capacity in groups with and without neonatal PCV.

9.  The impact of PCV on respiratory morbidity in PNG infants in the first year of life
Asaro Valley infants on average suffer 3 ALRI episodes in the first year of life (84).  To ensure the safety of neonatal or early PCV and any potential benefits of PCV on respiratory morbidity, there will be close monitoring of infants by trained field staff throughout the study using established methods.  Though this proposed study is complete in itself, we intend to continue to follow up participants after completion of the study at age 18 months to ensure ongoing safety in terms of respiratory morbidity, hospitalisation and death. 

vii)  Sample size requirements



Urban

Rural

  n

Group

#2  #3  #1
#2  #3  #1
312

Block 1
13  13

13  13

  52

Block 2
13  13  26
13  13  26
104

Blocks 3-4
26  26  26
26  26  26
156

The block randomisation schema is set out above.  The sample size requirements were based on the primary questions and assumed 80% power and a 5% significance level.  Distributions of published Pnc vaccine responses (21, 43, 44) indicate a standard deviation of serotype-specific IgG concentration of around 1 on the natural logarithmic scale, at all ages.  For serious adverse reactions in Block 1, 26 subjects will be allocated to the post-neonatal PCV group 2 and 26 to the control group 3.  This comparison will allow proportions of adverse events of e.g. 10% in the control group versus 48% in the treated group, or 5% vs 40%.  If no serious adverse events occur in the first 26 treated children, it is likely that the true adverse event rate is 10% or less (and similarly in Block 2 for neonatal PCV group 1).  Given 70% seroprotection (>0.5(g/ml) after 1 dose of PCV at age 6 weeks (43), the sample size of 100 per group (min. 90 evaluable) allows this proportion to be estimated with 95% CI of 60-79% and will have 80% power at the 5% significance level to detect a 20% difference from group 1 (i.e. 90%) or group 3 (i.e. 50%).

For ALRI hospital admissions, assuming a rate of 0.0425 per child month under 1 year, a 50% decrease in either vaccinated group compared with controls is detectable.  We can detect differences in carriage rates between the groups from 1 month onwards of say 40% down to 22% or lower.

viii)  Data analysis

The principal analyses of efficacy and safety will be based on t-tests and chi-square tests.  Further analyses examining the association of different factors such as number in household, housing type, town/country etc with response will use multiple regression methods: linear when IgG or cytokine level is the response, logistic when IgA, carriage or cytokine detection is the response, Cox when time to hospital admission or onset of carriage is the response, or Poisson when admission rate is the response.

Comparison of cytokine levels between the different groups at different times will employ the same basic methods; however, further analyses of immune competence will be slightly more complex in that the profile of within-person changes over time in antibody and cytokine levels will form the major response and explanatory variables.  Thus 2-level models allowing for different levels of variability within and between children will be used, comparing in particular both level and rate of change of these measures.  These regression models will also include terms for vaccination status as well as the other confounders such as crowding, sex etc.

5.
Contributions of the partners and added value of the proposed partnership
Pneumonia is a major health priority of the PNG Health Plan.  Although PNGIMR targets its research program to reflect the National Health needs, it has been difficult in recent years to obtain the funding required to maintain a strong respiratory disease program.  This project, in addition to addressing a very important research question, will help PNGIMR rejuvenate its research program on respiratory diseases.  PNGIMR has a long history of conducting vaccine trials and has established immunological and bacteriological facilities.  This collaboration combines researchers with extensive experience in field research, epidemiology, bacteriology and immunology in PNG with state-of-the-art immunology and molecular techniques to address fundamental health issues in a high-risk population.  The project will provide a critical mass of activity and training to provide a framework on which to build an ongoing program and to seek diversified funding opportunities to ensure sustainability.  ICHR and the Department of Paediatrics, University of Western Australia (UDP) are members of the PNGIMR Buttressing Coalition.  After 17 years as epidemiologist in PNG (where she was also training officer for PNGIMR), D Lehmann has ongoing collaborations with PNGIMR to complete studies of ARI and the impact of vaccination on childhood mortality and is working on otitis media and respiratory bacteria in Australia.  Training of PNGIMR staff in Perth in immunological techniques is ongoing with P Richmond and P Holt.  Professor Holt is a pre-eminent cellular immunologist who has made major contributions to the understanding of immune responses to allergens and the normal maturation of the immune system.  He has extended this to the generation of vaccine-specific cellular immunity in early life.  P Richmond is a paediatric immunologist with extensive experience in vaccine trials and serological assays.  J Reeder is the director of the IMR based in Goroka.  He is a microbiologist with the field experience and ability to successfully coordinate the laboratory and field components in PNG.  All collaborators will be fully involved in the study design and analysis, to which N de Klerk will have an essential statistical input.

Field work will be conducted by staff at PNGIMR with assistance in re-establishing surveillance by DL.  Initial sample processing, bacteriology, Pnc serology and cryopreservation of PBMC will be conducted in PNG.  A team of Papua New Guineans have extensive experience in carrying out demographic and morbidity surveillance as well as safety and immunogenicity studies.  W Pomat, a PNGIMR staff member for the past 15 years, is currently investigating mucosal immune responses to Pnc vaccines in Perth as part of a PhD program and will be able to establish assays in the PNGIMR laboratories on return as well as assist in training other staff.  PBMC samples will be sent to Perth for T-cell studies.  PNGIMR staff will be trained in these techniques in Perth to facilitate future studies in this area.
6. Description of planned training activities in the developing country

Two PNGIMR laboratory staff will come to Prof. Holt’s laboratory in Perth for 3 months for training in specimen collection processing and PBMC cryopreservation.  A PNGIMR Scientific Officer, who is incidentally from the study area, will be based in Perth for 2 years for training and to participate in the T-cell studies and will enrol in a Masters degree program.  Nursing staff will be trained in taking of cord blood and infant blood and saliva samples.

PNGIMR staff member Mr W Pomat is currently undertaking PhD studies in Perth under the supervision of the project collaborators and will return to PNG to take part in the project.  He will contribute to on-the-job training of technical staff there and help to build a critical mass of PNG scientists trained in immunology.  The project will also strengthen training and exchange activities with clinical staff at the Goroka Hospital, in particular Dr I Betuela and the paediatricians.  This will be reinforced by a visit of P Richmond to PNG.  The time spent by D Lehmann in PNG will be important not only for establishing the field aspects of the study but also for restoring contact with the field staff she trained in the past and initiating the training of new staff. 
7. Expected outcomes/health benefits/policy implications
Invasive and mucosal Pnc infections in early infancy are a major global health burden.  The potential advantages of neonatal immunization include high vaccination coverage, protection against very early Pnc carriage, reduction in mortality and morbidity due to pneumonia and IPD in early infancy, and enhancement of subsequent protection by PPV.  Benefits are also likely to occur for the prevention of OM and its complications in high-risk populations.  Detailed studies are essential to ensure “immunological safety” of this approach and to further our understanding of mechanisms of actions of bacterial conjugate vaccines.  Public concerns over increasing numbers of vaccines overloading children’s immune system mean that in-depth immunological studies are needed globally to provide a solid basis for ensuring the safety of immunization in infants and to address these safety concerns explicitly.  This study will provide basic immunological understanding to inform the epidemiological investigation of the immune responses achieved and the safety and possible non-specific benefits of immunization in a tropical setting.  Furthermore, the results of this study will be particularly relevant for the prevention of Pnc disease in the ‘fourth world’ – in young indigenous children of first world countries who suffer similarly high rates of Pnc disease and early URT carriage. 

Australian investigators will gain expertise in field research in non-industrialised countries, which will help enhance collaboration with groups in other countries in the region.  Through detailed investigation of immune responses in infants exposed to numerous pathogens from a very young age, this collaboration will complement studies conducted in Australia towards understanding the development of the immune system in infancy.

This proposed study will have important implications for the development of pneumococcal immunization policy in PNG and other non-industrialised countries.  If neonatal immunization with PCV is found to be safe, the collaborators will be in a strong position to proceed to an efficacy study and work towards establishing the most effective and cost-efficient schedules for PCV and the associated use of PPV.
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