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Learning Objectives

By the end of this article the reader will develop an understanding about Haemophilus influenzae B (Hib) and natural immunity in children older than 2 to 5 years. Below the age of two, it is believed, immunity does not “naturally” develop, being T-cell dependent. Yet a vaccine that uses the Hib capsular polysaccharide polyribosylribitol phosphate (PRP) covalently linked to a protein carrier could evoke an immune response even in younger children.
Against this background, the reader will develop an understanding of regional differences in the incidence of invasive disease due to Hib and evidence of naturally occurring active immunity seen in Indian infants. Evidence of natural immunity in infants in Turkey and also of cross-reactive immunity from organisms like E. coli   is presented. It is speculated that cross-reactive immunity from organisms like E. coli may be responsible for this protection Immunization by vaccination is less crucial in countries where natural immunity occurs early in infancy. 

The main title and many of the arguments presented here have been previously published in Vaccine (1).

Introduction

Haemophilus influenzae was first recognized during the influenza pandemic of 1889-1892 when Richard Pfieffer identified the bacillus in the sputum of many patients (2) and thus acquired its appellation. In the 1930’s mortality from H. influenzae meningitis used to be 100% (3). Margaret Pitmann recognized that nearly all the invasive diseases due to H. influenzae had a serotype b capsule antigen (4). This stimulated interest in developing a means to immunise against the disease. H. influenzae is a fastidious gram negative, pleomorphic coccobacillus that requires certain factors for growth, including a heat stable haematin factor.. These factors are present within erythrocytes, and the demonstration of this requirement, is the basis for identifying H. influenzae in the laboratory.

In the clinical context H. influenzae is the most common cause of meningitis in the second year of life before active immunity has developed and by which time immunity acquired passively from the mother has waned. Response to treatment is slow and about 25% are left with residual neurological deficits like deafness. 

The bacterium sometimes cause epiglottitis associated with high fever, dysphagia and respiratory distress. The course may often be rapidly fatal if not treated vigorously. 

H. influenzae is said to be responsible for 30% of childhood bacterial pneumonia and up to 6% of pneumonias in adults. Other syndromes associated with invasive disease include septic arthritis, cellulitis, sinusitis, otitis media, endocarditis and pericarditis. Children in close contact with an infected person are at risk. Older children are known to develop a natural immunity to the disease. 

In this paper we will explore the issue of natural immunity developing at an earlier age in infants in developing countries and look at how this will impact on the cost-benefit logic of programmes to vaccinate these infants. It is argued that in countries where morbidity from the disease is reduced due to early-acquired natural immunity, vaccine costs must be correspondingly low, if the programme is to be cost-effective 

Natural Immunity and its Limitations

In the 1930’s, LeRoy Fothergill and Joyce Wright (5) demonstrated that susceptibility to invasive H. influenzae type ‘b’ disease was related to lack of “bactericidal power” in the blood. It is now known that the ‘bactericidal power of blood’ reflects the sum of several elements of host defense. By far, the most important is an antibody directed against the type ‘b’ capsular polysaccharide PRP. 

Most adults and children over 6 years of in age, are immune to H. influenzae type ‘b’ (6,7,8). This is due to the development of antibodies to the polysaccharide capsule of the organism (anti Hib PRP). This is a T-Cell dependent immunity and children below age 2 have poor immune response to the capsular polysaccharide of Hib. Even children who develop invasive Hib infection such as meningitis do not develop a substantial concentration of antibodies if they are below 18 months of age (6,7,8). This leaves them vulnerable to infection after the passively acquired maternal antibodies levels have waned. The Hib capsular PRP, is the protective epitope, and an effective vaccine must elicit antibody specific to this antigen. Vaccines composed of these antigens are also often ineffective in infants and young children. In 1987 a purified PRP vaccine was licensed for routine use in children 24 months and older (9). Rachel Schneerman and John Robbins (10) postulated that PRP covalently linked to one of several protein carriers would improve immunogenecity in younger infants. This allows immunologic priming, by-passing the T cell system and has proved to be effective in the prevention of invasive disease in the age group when it was most needed (between the age of 3 months and 3 years - a time when natural immunity does not occur).

The Conjugate Vaccines

The postulation of Schneerman and Robbins turned out to be right. By conjugation to a protein carrier, a polysaccharide can acquire the antigenic properties of the protein and the resulting characteristics of a T-independent antigen can evoke immunity even in infants. This phenomenon is the basis of development of Hib conjugate vaccines. Four basic types of conjugate vaccines have been licensed in various countries. These vaccines differ in their carrier proteins, in the structure and the length of the polysaccharide molecule(s) bound to the carrier protein, in the method of coupling the protein to the carbohydrate and in the ratio of protein to polysaccharide. PRP-D, PRP-CRM, PRP-OMP and PRP-T are the four conjugate vaccines licensed.

PRP-D

The first conjugate Hib vaccine to be licensed, PRP-D, was marketed as Pro-Hibit® by Connaught Laboratories [now Pasteur Mėrieux Connaught (PMC)]. Licensed in the United States in December, 1987, PRP-D contains medium length polysaccharide conjugated with a six carbon spacer to diphtheria toxoid. Each 0.5 ml dose is formulated to contain 25 mcg of polysaccharide, 18 mcg of protein, thiomersal 1:10000 and sodium phosphate buffer.
PRP-CRM

The second conjugate Hib vaccine, PRP-CRM (also commonly referred to as HbOC, for Haemophilus b oligosaccharide conjugate) was marketed as HibTITER® by Praxis Laboratories (now Wyeth Lederie Pediatrics and Vaccines). Licensed in the United States in December, 1988, PRP-CRM contains PRP oligosaccharide conjugated to CRM197 is a nontoxic variant of diphtheria toxin isolated from cultures of Corynebacterium diphtheriae C7 (beta197)]. Each 0.5 ml dose is formulated to contain 10 mcg of polysaccharide, 25 mcg of protein, thiomersal 1:10000 and saline.

PRP-OMP

The third conjugate Hib vaccine, PRP-OMP, was developed by Merck & Co. and marketed as Pedvax HIB® after US licensure in December, 1989. PRP-OMP contains medium length polysaccharide chains conjugated via a thioether spacer to the outer membrane protein complex of the B11 strain of Neisseria meningitidis sero group B. Each 0.5 ml dose is formulated to contain 7.5 mcg of polysaccharide, 125 mcg of protein, 225 mcg of aluminum hydroxide and saline.

PRP-T

The fourth conjugate Hib vaccine to be licensed in the United States in 1993 was that developed by Schneerson et al. (11) at the National Institute of Health (NIH). It is manufactured by PMC for worldwide distribution as ActHib® and is also distributed by Smithkline Beecham (SB) as OmniHib®. Another preparation of PRP-T is manufactured by SB as Hiberix®, for distribution outside the United States. PRP-T is composed of large polysaccharide chains conjugated via a six carbon spacer to tetanus toxoid. Each 0.5 ml dose contains 15 mcg of polysaccharide, 24 mcg of protein, 8.5% sucrose and saline diluent (Hiberix® contains 10 mcg of polysaccharide and 20-40 mcg of protein).

Predictors of Efficacy For HiB Vaccines

A vaccine should be capable of priming the immune system. On subsequent exposure to the antigen, either through immunization or environmental encounter with Hib bacteria or cross-reactive agents, an anamnestic response must be is stimulated. The success of a conjugate vaccine to prime infant immunity can be evaluated by means of using a Hib polysaccharide booster. Unprimed children (ages 12 to 24 months) will respond with lower antibody levels, whereas children who were primed as infants will show greater increase in PRP antibody levels.

Further, the antibody levels elicited by the vaccine should be sustained through the period when there may be greater risk of infection. The longevity of the immune response is a function both of the level of PRP antibodies attained after the primary series of immunizations and of the effectiveness with which the immune system was primed. Typically, children less than 5 years of age are at the greatest risk for Hib disease. A booster dose after a primary immunization series enhances the probability that virtually all children will be protected through the risk period.

The functional activity of antibodies generated by the Hib vaccine can be measured by their potency in bactericidal or opsonophagocytic assays or by demonstration of passive protection in the infant rat challenge model. The various Hib vaccines appear to generate antibodies with different light chain variable region arrangements that have different avidities. Higher avidity antibody PRP bodies are associated with greater potency when assessed in bactericidal and infant rat protection studies. PRP antibody level and antibody activity are two independent measures of vaccine performance.

All of these immune-response-characteristics are associated with protection from Hib disease and can distinguish between the relative effectiveness of vaccines. The Hib polysaccharide vaccine did not meet these predictors of efficacy and also was not efficacious in infants;. On the other hand Hib conjugate vaccines that have met these predictors have been efficacious. Their relative clinical efficacies appear consistent with their performance in these surrogate indicators.

Protective Levels of Antibodies 

Protective antibody levels were established based on PRP antibody levels observed in individuals not succumbing to disease and also based on the outcome of the PRP- polysaccharide efficiency trials. There is controversy about the titre at which anti-Hib polyribosylribitol phosphate (anti Hib–PRP) yields protection. Robbins et al. have argued that since invasive Hib disease is extremely rare in adults, they must all have protective concentrations of antibodies. 95% of adult sera analyzed had more than 0.04 mcg/ml of anti-Hib polysaccharide and so they concluded that serum levels above 0.04 mcg/ml affords protection (12). Makela et al. found levels more than 0.15 mcg/ml in adults and used this as cut off (13). Santosham et al. (14) and Ambrosino et al. (15) tested passive immuno-prophylaxis for invasive Hib disease in high-risk populations and concluded that concentrations from 0.05 - 0.15 mcg/ml is protective. Studies looking at the efficacy of vaccine against Hib have looked at the geometric mean titre (GMT) of anti Hib-PRP, as well as the proportion of children achieving antibody levels above the arbitrary cut-off of 0.15 mcg/ml. In trying to elucidate why some communities are more immune than others, it may be pertinent to look at the GMT in the community rather than number of individuals in each community having antibody levels above some arbitrary cut-off. 

It is suggested that the levels of 0.15 mcg/ml is associated with short term immunity and  post vaccination levels of 1.0 mcg/ml are associated with long term protection. PRP antibodies levels of 1.0 mcg/ml achived post-vaccination serve as convenient thresholds for evaluating the performance of new and existing vaccines. However levels of PRP greater than 0.15 mcg/ml suggests immunity in the individual. 
Methods of Assay of Antibody Levels

With PRP antibody levels playing an increasingly important function for evaluation of Hib vaccines, the availability of reliable and standardized assay methods becomes paramount. Two serologic methods have been used commonly to quantify total PRP-specific antibodies. The radio antigen binding assay (RABA; also referred to as the radio immune assay or the Farr assay) and the enzyme linked immunoabsorbent assay (EIA); both methods, when controlled for the purity and quality of the antigen, can perform specifically, consistently and with sufficient sensitivity to measure anti-PRP bodies to at least 0.10 (/ml.

The RABA quantifies antibodies based on the radioactively labeled PRP present in the antibody-antigen immunoprecipitate. For consistent and specific performance of the RABA and EIA, the antigen requires purification and characterization to ensure the consistent sizing of the polysaccharide and the absence of potential contamination outer membrane proteins or lipids.

The Thrust for Universal Immunization
An effective vaccine having been developed, routine use of H. influenzae b vaccine has virtually eliminated Hib meningitis and other invasive Hib disease in industrialized countries (16). However the cost of the vaccine is considerable. In the USA the cost is approximately $5.60 (1998 price) (Source: Natural Immunization Program CDC) (16). It is suggested that the price of the vaccine will come down if the vaccine is used universally and economies of scale kick in (17). There is thus an effort on the behalf of the WHO to make Hib vaccination part of the routine Expanded Programme of Immunization, internationally (18).

Such efforts to promote vaccine in developing countries was recently criticized by ‘Save the Children Fund’ who felt that developing countries are ‘being made to start vaccination programmes that they could not afford and probably did not need’ (19). It is suggested that international organizations were promoting vaccines in developing countries where there was no “felt need” for the vaccine and they were in fact circumventing market forces in their promotion efforts (20) 

Variation in Incidence of Hib Disease 
in Different Parts of the World

The World Health Organization and other bodies have recommended that surveillance for Haemophilus disease be undertaken widely, so that the burden of preventable Haemophilus influenzae type ‘b’ (Hib) disease can be determined and the role ascertained of Hib vaccines in Expanded Programme for Immunization (18). On account of resource constraints (21), bacterial cultures of blood or cerebrospinal fluid (CSF) are not always done routinely by clinicians in developing regions. When cultures are obtained the microbiologic methods may vary in the sensitivity for detection of H. influenzae (22). For these reasons there is limited data on epidemiology and serotypes of H. influenzae disease in many parts of the world. That notwithstanding, it is widely recognized that the incidence of Hib disease is different in different regions. It is 6 per 100,000 in Asia compared to 109 per 100,000 in the Western Pacific and Oceanic countries (16). Hib is not commonly identified or documented (23) in India, which has approximately 16% of the world's population and 20% of its children (24). The few reported studies available quote an incidence of 8 - 14 % for meningitis and 7 - 15% for lobar pneumonia (25). A hospital survey from Vellore in South India suggested a rate of 39/100,000 (26). Another Indian survey suggested a proposed a rate of 50-66 cases per 100000 among 0-4 year olds (22). It is likely that a prospective approach would have concluded even higher rates (23).

The definitive attempt to circumvent the problems, attendant on the low detected incidence of invasive Hib disease in India, was the prospective multi-hospital surveillance by the invasive bacterial disease surveillance (IBIS) group. They employed meticulous culture methods in six large teaching hospitals, with the combined bed strength of 8187 beds, in the cities of Delhi, Lucknow, Madras, Nagpur, Trivandrum and Vellore. After 24 months of surveillance in the six hospitals, there were only 58 isolates of Haemophilus influenza among 3441 cases of meningitis, pneumonia and sepsis (23). The final report of this study after 4 years of surveillance found just 125 cases among 5798 cultures (27). 

Natural Immunity in Infancy
The carriage rate of Hib in India is not known, but high antibody titres are found in children from a young age and this may provide an insight into the lower rate of invasive Hib disease in India. Paradoxically, the evidence of natural immunity in infancy in India has come from the same studies that were done to demonstrate the usefulness of Hib vaccine. To demonstrate the usefulness of vaccine in India, studies were undertaken to show the rise in antibody levels in infants after vaccination. These studies have been done at different ages before two. However these studies have shown that the pre-vaccination levels of the antibody were already in the immune range.

Pre-Vaccination Antibody Titres

Table 1 shows anti-PRP antibody GMT studied in Indian children gathered from four separate studies (25,28,29,30). The antibody titres were mostly tested using radio-immuno-assay by Pasteur Merieux in France and by Wyeth – Lederle USA, using ELISA techniques. The GMT in all age groups studied from India has been above 0.1 mcg/ml and do not reach a susceptible nadir as in children in the West. In the West, babies have a high GMT at birth, which is said to reflect maternal antibody levels. These levels then fall progressively. This leaves them vulnerable to infection after maternal antibody levels wane. The high levels of antibody at different ages through infancy and early childhood in India before they reach the age of 2-5 years, suggests that passive immunity lasts longer or that active antibody production takes place much earlier in Indian children. 

Table 1: Pre-Vaccination Anti – PRP Antibody Titres (Micro gm/ml)

	Age group (months)
	Number of children
	Geometric mean titre (mcg/ml)
	Method used for Anti – PRP estimation
	Reference

	2 months

group A

group B
	27

27
	0.186

0.198
	RIA

RIA
	28

28

	1.5–4 months
	103
	0.124
	ELISA
	29

	1 –12 months
	27
	0.3
	RIA
	25

	12–24 months
	25
	0.21
	RIA
	25

	16–24 months

group A

group B
	28

28
	0.24

0.24
	RIA

RIA
	28

28

	18–24 months

group A

group B
	88

35
	0.167

0.153
	RIA

RIA
	30

30

	24–36 months
	23
	0.3
	RIA
	25

	36–48 months
	9
	0.55
	RIA
	25

	48–60 months
	16
	0.94
	RIA
	25

	>60-120 months
	70
	1.18
	RIA
	25


Natural Immunity in Turkey

In the studies from Turkey by Tasten et al. (31) who investigated naturally acquired anti-PRP in healthy children during the first year of life. In a prospective longitudinal study they repeatedly tested anti Hib titres in a cohort of 64 children. The results, summarized in Table 2, show that the majority of infants have protective concentrations of anti-PRP from 1.5 months to 13 months. They suggested that most of the infants studied had high concentration of maternally transferred anti-PRP and that they acquire natural active immunity to Hib at an early age. 

Table 2. Anti – PRP Specific Ig Antibody Titres Measured by ELISA in Healthy Turkish Children (28)

	Mean age in months(range)
	Geometric mean titres

(mcg/ml)
	Number of infants with Anti–PRP concentration >0.15 mcg/ml (%)

	1.5
	0.24
	41 (64%)

	2.5
	0.21
	32 (65.3%)

	6.5
	0.20
	29 (53.7%)

	13
	0.22
	32 (69.6%)


Post Vaccination Antibody Titres

Table 3 depicts the post vaccination antibody levels in Indian children. After 3 doses of conjugated Hib vaccine, post vaccination GMT up to 31.48 mcg/ml was observed. This is in contrast to anti-PRP antibody titres of 3.64 to 6.4 mcg/ml achieved in children in the United States and Europe (32-35). 

A study in Venezuela also demonstrated unexpectedly high antibody titres after immunization of infants with PRP-T vaccine. Post-vaccination levels of 37.9 mcg/ml were achieved (36). A study of PRP-T vaccine in Chilean children found a high post immunization GMT of 11.3 mcg/ml (37).

T lymphocyte memory cells, if primed previously, are known to produce high antibody levels on exposure to the natural antigen or on giving booster vaccination (38). The exaggerated response to primary vaccination in Indian children, seen alongside the high pre-vaccination levels, suggests that the children had been primed by natural infection and that the high pre-vaccination levels represent immunity acquired actively by the infant rather than transferred passively from the mother.

Table 3. Serological Response to 3 Doses of Conjugated Haemophilus 
Influenza Vaccine in Infants Given as Primary Immunization 
along with their Routine DPT/OPV Immunization

	Number of children
	Type of vaccine used
	Post vaccination GMT
	Reference

	48

group A = 24

group B = 24
	PRP–T
	11.97

31.48
	25

	54

group A =27

group B =27
	PRP–T
	18.75

13.00
	28


A Possible Explanation – Cross-Reactive Antigens

Natural antibodies to H. influenzae type ‘b’ are found in most new born and 3 months old laboratory rabbits (39). Asymptomatic infection with  the organism is an unlikely cause of this immunity because the organism could not be found in nasopharyngeal or rectal cultures of more than 1000 animals. A possible explanation for this “natural” immunity to H. influenzae type ‘b’ is an antigenic stimulus by cross- reactingstructures in the normal flora. A search for cross-reacting structures / bacteria in nasopharyngeal and rectal cultures from humans and rabbits was made using the antiserum agar method (40-41)  Bacteria growing on this medium released immunologically active substances precipitating a halo around individual colonies in mixed cultures. Many cross reacting bacteria such as Staph aureus, Group D streptococci, E. coli, diphtheroids and pseudomonas were found in the cultures of normal flora.

Survey of Bacteria cross reactive the capsular polysaccharide of Haemophilus influenzae type ‘b’ (40)

Throat and Stool Cultures

	Source
	Number
	Number and species with cross reacting antigens (CRA)

	Children
	70
	14 Staph aureus
8 Staph epidermidis
1 Beta Hemolytic Streptococci (Group A)

	Adult rabbits
	60
	7 Staph epidermidis

	Young adults
	17
	9 Staph epidermidis
8 Strep viridans
3 Bacillus sp

1 Pseudomonas

	Total cultures
	294
	Isolates CRA 53 (18%)


A clue to the chemical basis of for the immunologic cross reaction was the observation that all the gram positive organisms found in this survey contained polyribitol phosphate a component of their cell wall teichoic acid (41). There are two types of teichoic acids. A membrane bound teichoic acids composed exclusively of polyglycerol phosphate, and a cell wall bound teichoic acid, which is composed of polyribitol phosphate. All the species containing polyribitol teichoic acids cross-reacted to H influenzae type ‘b’ polysaccharide. In studies using precipitation analysis of H. influenzae type ‘b’ antiserum with the homologous capsular polysaccharide and polyribitol phosphate containing extracts of several gram-positive bacteria, Staph aureus and Bacillus subtilis precipitated about 45% of the total anti type ‘b’ antibody. Lesser amounts were precipitated by Lactobacillus plantasum and the Group D streptococci. The specificity of this cross-reaction was confirmed by the absence of precipitate of polyglycerol phosphate containing polysaccharide or H. influenzae type ‘a’ polysaccharide.

In-vivo studies from the early seventies have also demonstrated the cross-reactive immunity phenomenon. In an elegant experiment with burros, Bradshaw et al. (40) demonstrated the development of serologically specific precipitate antibodies to Hib, after immunization of the animals with Staphylococcus aureus and Bacillus subtillis. Strains of staphylococci,  Group D Streptococci, Diphtheroids and E. coli have been found with antigens that cross react with Hib (40). 

Probable Explanation for Cross Reactive Antigens Evoking Immunity in Infancy

The explanation of the phenomenon of cross reacting antigens stimulating anti-PRP antibodies below 2 years of age, is probably given by Robbins et al. (42) who demonstrated enhanced immune response to H. influenzae capsular polysaccharide when they have concurrent cross-reacting E. coli infection of the gut. Under these circumstances a rapid and sustained rise in antibody to Hib was noted. E. coli are ubiquitous in developing countries like India and their presence in the gut may have helped to stimulate antibody to Hib in the subjects reported (25,28,29,30).

Implications For The Vaccine Market

Although the mechanism by which this is achieved is uncertain, these studies show that children in some developing countries posses protective levels of anti Hib antibodies from an early age. There is thus a great potential for cost savings to be made in the use of vaccination in developing countries, if this finding is further substantiated.

There is another way to look at this issue of vaccine economics Vaccine prices tend to be consistent globally..To be cost-effective, prices must be lower in countries where the disease burden is less. The cost to the community for universal immunization, will be devided by the number of lives saved by the intervention, to arrive at the cost per life saved. In communities were the risk of death is low (due to natural immunity), the cost of vaccination must be correspondingly less, to be cost effective. There is another argument for differential pricing of vaccines for the market in developing countries. Developing countries with their large population represent a huge market for vaccine manufacturers. To access this  market, it may make economic sense for manufacturers to discount the price of vaccines sold to such countries. Developing countries can then assess, if they could afford the vaccine, in the context of their GNP and the disease burden in their country. We have described elsewhere details of how this calculation is done (43). 
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