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M A J O R A R T I C L E

Immunological Characterization of Conjugated
Haemophilus influenzae Type b Vaccine
Failure in Infants

Mijke A. Breukels,1 Lodewijk Spanjaard,2 Lieke A. M. Sanders,1 and Ger T. Rijkers1

1Department of Immunology, Wilhelmina Children’s Hospital, University Medical Center Utrecht, Utrecht; 2Netherlands Reference Laboratory
for Bacterial Meningitis, Department of Medical Microbiology, Academic Medical Center Amsterdam, The Netherlands

Infant vaccination with conjugated Haemophilus influenzae type b (Hib) vaccine is highly effective in protecting

against invasive Hib infections, but vaccine failures do occur. Twenty-one vaccine failures are reported since

the introduction of the Hib conjugate vaccine in The Netherlands. Of the 14 evaluable patients, 6 children

showed no antibody response to Hib polysaccharide in convalescent-phase serum (immunoglobulin [Ig] G

anti-Hib level !1.0 mg/mL), including 1 child with hypogammaglobulinemia and 1 child with IgG2 deficiency.

After revaccination, almost all children developed anti-Hib antibodies. In case of Hib vaccine failure, case

investigation should be performed, including measurement of serum Ig concentrations as well as specific anti-

Hib antibodies. Invasive Hib disease after infant conjugate Hib vaccination may be the presentation of an

underlying immunodeficiency, but more often, only a decreased antibody response to Hib is found; revaccin-

ation with conjugated Hib vaccine is advised.

Infant vaccination with conjugated Haemophilus in-

fluenzae type b (Hib) vaccine is highly effective in pro-

tecting against invasive Hib infections [1, 2]. In The

Netherlands, vaccination with conjugate Hib vaccine

has been incorporated into the National Vaccination

Program for children born after 1 April 1993. At the

time of introduction, the Hib vaccine was given at the

ages of 3, 4, 5, and 11 months, concomitantly with the

diphtheria, tetanus, and pertussis vaccine and the po-

liomyelitis vaccine. Unlike the policy of several other

countries, no catch-up vaccinations were given for chil-

dren aged !5 years. Since January 1999, infants have

been vaccinated at 2, 3, 4, and 11 months of age.
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In the years after the introduction of Hib vaccination,

the number of cases of invasive Hib disease dropped

impressively [3, 4]. But invasive Hib disease did not

disappear completely. This might be expected, because

cases of invasive Hib disease still occur in infants who

are not yet fully vaccinated, and vaccine coverage in

The Netherlands, although high (95.5% of all infants

received at least 3 doses of Hib vaccine; January 1997),

is not complete. But it is also true that vaccine failures

occurred in children who were completely (3 or 4

times) vaccinated with the conjugate vaccine. We here

report the clinical and immunological follow-up for the

19 children who developed invasive Hib disease despite

having received at least 3 vaccinations as an infant.

METHODS

Surveillance of invasive Hib infections. Since 1975,

invasive Hib isolates and surveillance data on Hib men-

ingitis in The Netherlands are collected by The Neth-

erlands Reference Laboratory for Bacterial Meningitis
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Table 1. Clinical characteristics and serum Ig concentrations for 14 patients for whom con-
jugated Haemophilius influenzae type b vaccine failed.

Patient Sex Age, mo
Hib

disease

Ig concentrations, g/L

IgA IgG IgM IgG1 IgG2 IgG3 IgG4

A F 24 Meningitis 0.04a 3.3a 0.73 2.8a 0.15a 0.25 !0.1

B M 13 Meningitis 0.65 9.9 0.9 8.2 0.9 0.55 0.15

Cb M 10 Meningitis 0.17 5.5 1.37 4.0 0.3 0.2 !0.1

D M 27 Meningitis 0.83 9.5 1.16 5.9 1.65 0.6 0.55

E F 36 Meningitis 1.23 7.7 1.5 7.3 1.05 0.1 0.1

F M 11 Meningitis 0.36 6.4 0.94 5.1 !0.1a 0.45 !0.1

G M 33 Epiglottitis 0.75 6.0 1.5 5.7 0.9 0.4 !0.1

H F 28 Meningitis 0.45 11.7 0.95 9.4 1.3 0.6 0.3

I M 62 Meningitis 1.11 11.7 1.84 9.8 0.9 0.5 !0.1

J F 18 Meningitis 0.78 9.9 2.83 8.2 1.41 0.74 !0.05

K M 56 Epiglottitis 0.91 9.0 0.96 5.3 1.65 0.25 0.65

L M 38 Meningitis 1.00 9.8 1.65 7.3 1.5 0.2 0.1

M M 25 Epiglottitis 0.60 9.3 1.3 9.1 1.5 0.2 0.4

N M 42 Meningitis 3.62 12.8 1.5 10.4 2.61 0.27 0.25

Oc F 28 Meningitis — — — — — — —

P F 33 Meningitis — — — — — — —

Q F 9 Meningitis — — — — — — —

R M 25 Meningitis — — — — — — —

S F 13 Cellulitis — — — — — — —

Td M 22 Meningitis — — — — — — —

U M 8 Meningitis — — — — — — —

NOTE. Serum samples used for determination of Ig concentrations were obtained at onset of disease for all
patients except patients D, G, I, and N, for whom convalescent serum samples were used. Serological data were
not available for patients O–U. Normal values for serum Ig concentrations for children in different age groups are
as follows: children aged 15 months–4 years: IgA 0.30–0.90 g/L; IgG 4.6–7.8 g/L; 12–24 months: IgG1 2.0–6.5 g/
L; IgG2 0.35–2.2 g/L; and 6–12 months: IgG2 0.10–0.50 g/L.

a IgG and IgG2 values below the normal range for age.
b Patient C experienced a first meningitis (unknown cause) at the age of 3 months; he received antibiotic

prophylaxis from 10 to 33 months of age.
c Patient O died from complications of Haemophilus influenzae type b meningitis.
d Patient T had trisomy 16p.

(RBM) in Amsterdam. Since 1994, H. influenzae isolates from

all normally sterile sites are sent to the RBM. These isolates are

identified and typed for capsular polysaccharide serotype by

use of coagglutination [5]. Capsular polysaccharide serotyping

was controlled by PHLS Haemophilus Reference Unit, Oxford,

United Kingdom.

Collection and testing of serological data. The laboratory

of the department of Immunology, Wilhelmina Children’s Hos-

pital, University Medical Center Utrecht, is a central facility for

anti-Hib antibody determinations. Serum samples from pa-

tients with invasive Hib infections are sent in by clinicians.

Since 1999, active immunological follow-up of patients with

invasive Hib infections despite vaccination has been done by

combining the serological data with data from the RBM system.

We determined anti-Hib antibody titers for IgG, IgG1, and

IgG2 (and IgM; data not shown) by use of ELISA, as described

elsewhere [6], then calibrated with a standard anti-Hib hyper-

immune serum containing 27.2 mg/mL IgG–anti-Hib, 4.05 mg/

mL IgG1–anti-Hib and 9.48 mg/mL IgG2–anti-Hib. Total con-

centrations of IgG, IgA, IgM, and IgG subclasses were

determined by use of radial immunodiffusion in serum samples

obtained at onset of illness, except for patients D, G, I, and N,

for whom the serum samples obtained at convalescence were

used.

Vaccine failures. Cases of invasive Hib infection are de-

fined as attributable to vaccine failure when they occur despite

at least 3 vaccinations with the conjugated Hib vaccine (or after

1 vaccination in a child aged 11 year). In The Netherlands, the

Hib vaccine used is the PRP-T vaccine (polyribosylribitol-

phosphate conjugated to tetanus toxoid; Pasteur Mérieux Sér-

ums et Vaccins)

Subjects. We obtained additional clinical information and

evaluated the immune status of patients who developed invasive

Hib disease despite 3–4 vaccinations. Invasive Hib infection
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was considered proven if Hib was isolated from culture of blood

or CSF samples, or both. Vaccination records were checked.

Serum samples were taken at the time of disease and after

reconvalescence (3–4 weeks after the onset of the disease). For

patients with IgG anti-Hib antibody concentrations !1.0 mg/

mL in serum samples obtained 3–4 weeks after the onset of

the disease, revaccination with the Hib vaccine was recom-

mended. Booster vaccination was also given when anti-Hib

antibodies were slightly above this level. In both cases, informed

consent was obtained. Three to four weeks after revaccination,

IgG, IgG1, IgG2, and IgM anti-Hib antibody concentrations

were determined again. Vaccination was repeated in case of

persistently low antibody concentrations.

RESULTS

Hib vaccine failures. In the 7 years after the introduction

of the Hib vaccination program for infants in The Netherlands,

a total of 1.13 million children received at least 3 doses of Hib

vaccine. Twenty-one true failures of the vaccine were reported:

17 cases (81%) of Hib meningitis, 1 case (5%) of Hib cellulitis,

and 3 cases (19%) of Hib epiglottitis. Bacterial isolates taken

from 19 of these patients (90%) were directly sent to the RBM.

From 2 additional (Hib epiglottitis) patients (10%), bacterial

isolates from blood were typed at the local clinical microbiology

laboratories, and serum samples of these patients were sent to

the laboratory of the Department of Immunology, University

Medical Center Utrecht. Checking of vaccination data con-

firmed that these 2 patients failed to respond to vaccine too.

The mean age of the patients with meningitis was 26 months

(range, 9–62 months; median, 25 months); the mean age of

the patients with epiglottitis was 38 months (range, 25–56

months; median, 33 months).

Clinical information was obtained for 18 (86%) of the 21

children (11 boys and 7 girls). One of them (patient C) ex-

perienced another episode of meningitis of unknown cause at

the age of 3 months. After a second bout of (Hib) meningitis

at the age of 10 months, he received antibiotic prophylaxis until

the age of 33 months. Patient A did not experience other in-

vasive infections before experiencing Hib meningitis. She re-

ceived antibiotic prophylaxis after the diagnosis of hypogam-

maglobulinemia. A third patient (patient T) was known to have

trisomy 16p. Apart from a girl aged 2.5 years, (patient O), who

died as a result of Hib meningitis, all children recovered without

major sequelae. Importantly, they experienced no further se-

rious infections during the follow-up period. All but 1 patient

(patient F) were white. Heights and weights of all children were

within the normal range (�2 SD) for age according the Dutch

standard curves.

Serological investigations. Serum samples were available

for 14 patients (67%). Results of the analysis of humoral im-

munity are shown in table 1. Serum Ig concentrations were

within the normal range (�2 SD) for age in 12 (86%) of the

14 patients. In patient F, the serum concentration of IgG2 was

12 SDs below the mean concentration for his age. Patient A

was shown to have hypogammaglobulinemia, with low con-

centrations of IgA and IgG, as well as low concentrations of

IgG1 and IgG2.

Table 2 shows specific anti-Hib antibody concentrations in

acute-phase serum samples, convalescent-phase serum samples,

and in samples obtained after revaccination. Most of the pa-

tients had low (or unknown) anti-Hib antibody titers at the

time of disease, with the exception of patient M, who had

antibody concentrations well above the level considered pro-

tective. On the base of analysis of convalescent serum samples,

2 patient groups could be distinguished: group 1, comprised

of patients who had persistently low anti-Hib antibody titers

after invasive infection (patients A–F); and group 2, comprised

of patients who had an IgG anti-Hib antibody response (anti-

Hib antibody concentration 11 mg/mL) after the invasive Hib

infection (patients G–N). The mean age of patients of group

1 was significantly lower than that of group 2 ( vs.20 � 10

months; , t test).38 � 15 P ! .05

Two (33%) of the 6 patients in group 1 were subsequently

lost to serological follow-up. The 4 other patients (67%) were

revaccinated. The 3 younger of these 4 (patients B, C, and F)

received their fourth Hib vaccination at the regularly scheduled

time; the other patient (patient E), who had completed her

series of 4 Hib vaccinations 2 years before the onset of disease,

received a fifth vaccination with PRP-T. Three patients in group

2 were revaccinated, 2 of them (patients G and H) because

their anti-Hib antibody titers had increased only marginally

above the minimal protective level. All but 1 (patient F) of the

12 evaluable patients (92%) ultimately achieved IgG anti-Hib

antibody concentrations 11.0 mg/mL. The patient that did not

respond was the youngest in this series.

Most of the patients who responded who had high antibody

titers after their Hib infection (group 2) developed predomi-

nantly IgG1 anti-Hib antibodies; only patient J produced IgG1

and IgG2 in equal amounts. In patients B and C, revaccination

with PRP-T after invasive infection with Hib resulted in an

IgG1 anti-Hib response. Both patients were young at the time

of disease and revaccination. In the older patients, relatively

more IgG2 was produced after booster vaccination, although

only 1 patient (patient E) showed an IgG2-dominated antibody

response.

DISCUSSION

Invasive Hib infections such as meningitis and epiglottitis are

primarily diseases of early childhood, occurring predominantly

in children !2 years of age, although considerable morbidity
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Table 2. Concentrations of antibody to Haemophilus influenzae type b during the acute phase (0),
after convalescence (I), and after revaccination (II and III) for 14 patients for whom Haemophilius
influenzae type b vaccine failed.

Patient

IgG anti-Hib, mg/mL IgG1 anti-Hib, mg/mL IgG2 anti-Hib, mg/mL

0 I II III 0 I II III 0 I II III

A 1.5 ! — — 2.25 ! — — ! ! — —

B 1.2 ! 9.1 96 0.90 ! 10.4 215.8 ! ! ! 4.44

C ! ! 65 — ! ! 75.5 — ! ! 2.73 —

D — ! — — — 1.35 — — — ! — —

E ! ! 7.3 — 1.35 ! 4.5 — ! ! 16.7 —

F ! ! ! — 1.80 0.9 0.9 — ! ! ! —

G — 1.35 2.7 18 — 1.8 1.8 59.3 — ! ! 11.3

H ! 1.5 27 — ! 0.9 — — ! ! — —

I — 3.3 — — — 2.25 — — — ! — —

J ! 9 — — ! 4.05 — — ! 5.12 — —

K ! 22 6.4 — 0.90 29.7 12.1 — ! 4.78 3.41 —

L ! 23 — — ! 23.8 — — ! 1.02 — —

M 23 27 — — 12.6 13.9 — — 1.37 0.68 — —

N — 127 — — — 28.8 — — — 4.44 — —

NOTE. The lowest levels of detection were as follows: for of IgG anti-Hib antibody, 0.9 mg/mL; for IgG1 anti-Hib antibody,
0.45 mg/mL: and for IgG2 anti-Hib antibody, 0.34 mg/mL. Antibody concentrations below these values are shown as !.
Concentrations of IgG anti-Hib antibody in control subjects were as follows: after 3 vaccinations in a control group aged
9–10 months (mean age, 9.6 months; median, 10 months; ), 2.8 mg/mL (range, 0.05–6.8 mg/mL); after 4 vaccinationsn p 83
in a control group aged 24–43 months (mean age, 31 months; median 31 months; ), 3.2 mg/mL (range, 0.05–64.1n p 221
mg/mL).

is seen until 5 years of age [7]. This age-related susceptibility

to Hib disease correlates with the absence of serum bactericidal

antibodies to Hib polysaccharide. Natural antibodies specific

for Hib polysaccharide begin to appear at ∼2 years of age and

reach adult levels by ∼5 years. Hib polysaccharide by itself does

not function as an effective vaccine in the primary target pop-

ulation [8]. Covalent conjugation of protein carriers to Hib

polysaccharide converts it into an effective immunogen, capable

of inducing both IgG antibody production and memory in

infants [9, 10]. Vaccination with conjugated Hib vaccine has

resulted in protection against Hib disease and a rapid decline

of the number of cases of invasive Hib disease [11].

In The Netherlands, the Hib conjugate vaccine also proved

to be successful, with an efficacy of 99.4% [4]. Before the in-

troduction of the conjugate Hib vaccine in the National Vac-

cination Program of The Netherlands, it was estimated that

there were ∼700 invasive Hib infections per year in The Neth-

erlands, of which 90% occurred in children !5 years of age.

About 50% of these invasive Hib infections developed into

meningitis, and 15%–30% developed into epiglottitis [12]. The

highest incidence of Hib meningitis was found in children aged

6–12 months, whereas Hib epiglottitis concerned mainly chil-

dren 2–3 years of age. After the introduction of Hib vaccination

in 1993, the number of invasive Hib infections decreased stead-

ily and sharply: in 1994, 106 cases were reported; in 1995, 37;

in 1996, 18; and in 1997, 7. The vaccine truly failed in only a

minority of these patients; most of the invasive Hib infections

occurred in children who had not been vaccinated because their

religion did not allow it, because they were not covered by the

health care system, or because they were not yet fully vaccinated

because of their age.

We report the 21 real failures of vaccine that have occurred

in The Netherlands since the introduction of the Hib conjugate

vaccine. The average age of the affected children was higher

than that of affected children in the previous unvaccinated

population: 26 months for the patients with meningitis and 38

months for patients with epiglottitis. The surveillance data ob-

tained during the first 3 years after the introduction of the Hib

vaccine showed an average age of the patients with invasive

Hib infections of 7.4 months [4]. The surveillance data obtained

during the period from July 1997 to July 2000, however, showed

an increase in average age of the Hib patients to 15.5 months

(unpublished data). The age shift is most likely due to herd

immunity because of reduced circulation of Hib after the in-

troduction of vaccination [13, 14].

In the literature [15], 35%–40% of children who developed

invasive Hib disease after a single dose of conjugated Hib vac-

cine at the age of 115 months were described as having sub-

normal concentrations of serum Igs. Specifically, a high prev-

alence of subnormal concentrations of IgG2 was observed [15,

16]. In contrast, reports of Hib polysaccharide vaccine failures

in children aged 118 months showed a low incidence of im-
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munodeficiency: almost all of these children had normal serum

concentrations of Ig, including IgG2 [17]. These data suggested

immunological differences between populations of children

with polysaccharide vaccine failure and those with conjugate

vaccine failure [16]. However, these results were obtained in

children vaccinated at 115 months of age. In our series of Hib

conjugate vaccine failures after infant immunization, 1 of the

14 evaluable children had hypogammaglobulinemia, and 1 had

low serum IgG2 concentrations. Although there are only a few

patients, this suggests that the frequency of humoral immu-

nodeficiency among infants with Hib conjugate vaccine failure

(14% in our series) is not different than it is among children

vaccinated at 115 months of age who have conjugate vaccine

failure or among children who have polysaccharide vaccine

failure (10%) after 18 months of age [16].

We evaluated the specific anti-Hib antibody production in

our patients. An important question is whether vaccine failure

resulted from insufficient levels of circulating antibody after

vaccination or from a qualitatively different and suboptimally

protective antibody response. In 9 of 10 patients for whom data

were available, we found low levels of specific IgG anti-Hib

antibodies at the time of disease. These data suggest that these

children, similar to children with polysaccharide vaccine failure

[16], are low-antibody responders to vaccination. However, low

levels of anti-Hib antibodies are more frequently observed in

this age group [18] (G.T. Rijkers, unpublished data). In con-

sidering the correlation of disease susceptibility with antibody

concentrations after Hib conjugate vaccination, account must

also be made of the capacity of conjugate vaccines to induce

immunological memory [19]. Even infants who fail to show a

serum antibody response to immunization with conjugate vac-

cine may be protected from disease as a result of immunologic

priming and the ability to develop a rapid increase in anti-Hib

antibody. However, immunologic priming by conjugate Hib

vaccine might not always be sufficient to confer protection

against invasive Hib disease: some children show high antibody

responses to the disease (patient N) [1, 15] and thus were

primed to fight Hib, but nevertheless had acquired the invasive

Hib infection.

Evidence of priming by the conjugate vaccination was absent

in the 6 patients of group 1: the 2 patients with the Ig deficiency

(patients A and F), and 4 of 12 children with normal serum

Ig concentrations. They had low anti-Hib antibody concentra-

tions in convalescent serum samples after invasive Hib disease.

The failure to see an antibody response in younger children

after infection (convalescence) is consistent with impaired ca-

pacity of young children to generate antibodies to unconjugated

polysaccharides. A defective antibody response to Hib infection

is also found in children with Hib polysaccharide vaccine fail-

ure. In contrast, children with conjugate vaccine failure after

vaccination at age 115 months appear to have normal or even

increased antibody responses [16], more like the children of

group 2.

The serum antibody concentration sufficient to confer pro-

tection is not known with certainty, but on the basis of epi-

demiologic and animal studies, it is estimated to be 0.1–1.0 mg/

mL [20–23]. Apart from the antibody concentration, isotype

distribution, avidity, and complement mediated bactericidal ca-

pacity, all may contribute to the protective antibody concen-

tration [24–26].

The ability to mount an antibody response after Hib vac-

cination or disease is, in part, genetically determined. This could

play a role in the susceptibility to invasive Hib infections

[27–29]. However, ultimately, almost all our patients developed

anti-Hib antibodies. Populations of several ethnic backgrounds

do respond to vaccination with Hib conjugate vaccines but need

several extra booster vaccinations [27]. Navajo Indians carry a

variant A2 Vk light chain gene (a gene that is used in 60% of

anti-Hib antibodies), which may explain their aberrant pattern

of anti-Hib antibody development [30]. Molecular analysis did

not reveal this variant light chain gene in patient B or his father,

who failed to mount an IgG anti-Hib antibody titer 11.0 mg/

mL after a single Hib conjugate vaccination, nor did it indicate

the presence of another abnormality in the A2 Vk light chain

gene (data not shown).

The causes of Hib conjugate vaccine failure are probably

multiple and complex. Inadequate delivery of the vaccine might

be a major reason. In most children, the vaccine’s failure does

not appear to be the result of the presence of hypogammag-

lobulinemia or absence of certain V-region genes. Certain Ig

allotypes are associated with susceptibility to polysaccharide

encapsulated bacteria [31] and risks of vaccine failure [32].

Risk of infection with encapsulated bacteria is also increased

in patients with the unfavorable Fc g receptor IIa polymor-

phism [33, 34]. The number of vaccine failures in our series

for whom we had DNA available was to small to make firm

conclusions with respect to a possible relationship of Hib vac-

cine failure with Ig allotypes or Fc receptor polymorphisms.

In our series of 21 children for whom Hib vaccine failed (of

whom 14 had immunological evaluation performed), we found

only 1 patient who had a recognized immunodeficiency, hy-

pogammaglobulinemia, that accounted for the failure of the

vaccine. For the other patients, the Hib disease apparently was

an isolated event. Many of the patients’ bodies failed to mount

antibody responses to Hib, therefore placing the patient at an

increased risk of developing second episodes of the disease.

Revaccination was able to overcome this impaired antibody

response. We conclude that it is worthwhile to perform case

investigation, including measurement of serum Ig levels as well

as specific anti-Hib antibodies, in case of Hib vaccine failure.

Booster vaccination may be necessary.



Failure of H. influenzae Type b Vaccine • CID 2001:32 (15 June) • 1705

Acknowledgments

We thank Dr. M.A.E. Conyn-van Spaendonck, Department

of Infectious Diseases Epidemiology, National Institute of Pub-

lic Health and the Environment, Bilthoven, The Netherlands,

and collaborating pediatricians for providing clinical informa-

tion. We thank Dr. Ann J. Feeney, Department of Immunology,

Scripps Research Institute, La Jolla, CA, for performing the mo-

lecular analysis of the A2 Vk light chain gene for patient B and

his father.

References

1. Eskola J, Kayhty H, Takala AK, et al. A randomized, prospective field
trial of a conjugate vaccine in the protection of infants and young
children against invasive Haemophilus influenzae type b disease. N Engl
J Med 1990; 323:1381–7.

2. Booy R, Hodgson S, Carpenter L, et al. Efficacy of Haemophilus in-
fluenzae type b conjugate vaccine PRP-T. Lancet 1994; 344:362–6.

3. van Alphen L, Spanjaard L, van der Ende A, Dankert J. Predicted
disappearance of Haemophilus influenzae type b meningitis in Neth-
erlands [letter]. Lancet 1994; 344:195.

4. van Alphen L, Spanjaard L, van der Ende A, Schuurman I, Dankert J.
Effect of nationwide vaccination of 3-month-old infants in The Neth-
erlands with conjugate Haemophilus influenzae type b vaccine: high
efficacy and lack of herd immunity. J Pediatr 1997; 131:869–73.

5. Dirks-Go SI, Zanen HC. Latex agglutination, counterimmunoelectro-
phoresis, and protein A co-agglutination in diagnosis of bacterial men-
ingitis. J Clin Pathol 1978; 31:1167–71.

6. Siber GR, Ambrosino DM, McIver J, et al. Preparation of human
hyperimmune globulin to Haemophilus influenzae b, Streptococcus
pneumoniae, and Neisseria meningitidis. Infect Immun 1984; 45:248–54.

7. Booy R, Moxon ER. Haemophilus influenzae type b. Arch Dis Child
1993; 68:440–1.

8. Peltola H, Kayhty H, Sivonen A, Makela H. Haemophilus influenzae
type b capsular polysaccharide vaccine in children: a double-blind field
study of 100,000 vaccinees 3 months to 5 years of age in Finland.
Pediatrics 1977; 60:730–7.

9. Schneerson R, Barrera O, Sutton A, Robbins JB. Preparation, char-
acterization, and immunogenicity of Haemophilus influenzae type b
polysaccharide-protein conjugates. J Exp Med 1980; 152:361–76.

10. Robbins JB, Schneerson R, Anderson P, Smith DH. The 1996 Albert
Lasker Medical Research Awards. Prevention of systemic infections,
especially meningitis, caused by Haemophilus influenzae type b. Impact
on public health and implications for other polysaccharide-based vac-
cines. JAMA 1996; 276:1181–5.

11. Peltola H, Kilpi T, Anttila M. Rapid disappearance of Haemophilus
influenzae type b meningitis after routine childhood immunisation with
conjugate vaccines. Lancet 1992; 340:592–4.

12. Bol P. Epidemiology of Haemophilus influenzae type b infections in
The Netherlands and elsewhere. Ned Tijdschr Geneeskd 1991; 135:7–9.

13. Murphy TV, Pastor P, Medley F, Osterholm MT, Granoff DM. Decreased
Haemophilus colonization in children vaccinated with Haemophilus in-
fluenzae type b conjugate vaccine. J Pediatr 1993; 122:517–23.

14. Takala AK, Eskola J, Leinonen M, et al. Reduction of oropharyngeal
carriage of Haemophilus influenzae type b (Hib) in children immunized
with an Hib conjugate vaccine. J Infect Dis 1991; 164:982–6.

15. Holmes SJ, Lucas AH, Osterholm MT, Froeschle JE, Granoff DM. Im-
munoglobulin deficiency and idiotype expression in children developing
Haemophilus influenzae type b disease after vaccination with conjugate
vaccine. The Collaborative Study Group. JAMA 1991; 266:1960–5.

16. Holmes SJ, Granoff DM. The biology of Haemophilus influenzae type
b vaccination failure. J Infect Dis 1992; 165(Suppl 1):S121–8.

17. Granoff DM, Shackelford PG, Suarez BK, et al. Haemophilus influenzae
type B disease in children vaccinated with type B polysaccharide vac-
cine. N Engl J Med 1986; 315:1584–90.

18. Heath PT, Bowen-Morris J, Griffiths D, Griffiths H, Crook DW, Moxon
ER. Antibody persistence and Haemophilus influenzae type b carriage
after infant immunisation with PRP-T. Arch Dis Child 1997; 77:488–92.

19. Kayhty H, Eskola J, Peltola H, Saarinen L, Makela PH. High antibody
responses to booster doses of either Haemophilus influenzae capsular
polysaccharide or conjugate vaccine after primary immunization with
conjugate vaccines. J Infect Dis 1992; 165(Suppl 1):S165–6.

20. Robbins JB, Parke JC Jr, Schneerson R, Whisnant JK. Quantitative
measurement of “natural” and immunization-induced Haemophilus
influenzae type b capsular polysaccharide antibodies. Pediatr Res
1973; 7:103–10.

21. Ambrosino D, Schreiber JR, Daum RS, Siber GR. Efficacy of human
hyperimmune globulin in prevention of Haemophilus influenzae type
b disease in infant rats. Infect Immun 1983; 39:709–14.

22. Kayhty H, Peltola H, Karanko V, Makela PH. The protective level of
serum antibodies to the capsular polysaccharide of Haemophilus in-
fluenzae type b. J Infect Dis 1983; 147:1100.

23. Anderson P. The protective level of serum antibodies to the capsular
polysaccharide of Haemophilus influenzae type b. J Infect Dis 1984;
149:1034–5.

24. Cates KL. Serum opsonic activity for Haemophilus influenzae type b
in infants immunized with polysaccharide-protein conjugate vaccines.
J Infect Dis 1985; 152:1076–7.

25. Musher D, Goree A, Murphy T, et al. Immunity to Haemophilus in-
fluenzae type b in young adults: correlation of bactericidal and op-
sonizing activity of serum with antibody to polyribosylribitol phosphate
and lipooligosaccharide before and after vaccination. J Infect Dis
1986; 154:935–43.

26. Granoff DM, Sheetz K, Pandey JP, et al. Host and bacterial factors
associated with Haemophilus influenzae type b disease in Minnesota
children vaccinated with type b polysaccharide vaccine. J Infect Dis
1989; 159:908–16.

27. Santosham M, Rivin B, Wolff M, et al. Prevention of Haemophilus
influenzae type b infections in Apache and Navajo children. J Infect
Dis 1992; 165(Suppl 1):S144–51.

28. Siber GR, Santosham M, Reid GR, et al. Impaired antibody response to
Haemophilus influenzae type b polysaccharide and low IgG2 and IgG4
concentrations in Apache children. N Engl J Med 1990; 323:1387–92.

29. Ward J, Brenneman G, Letson GW, Heyward WL. Limited efficacy of
a Haemophilus influenzae type b conjugate vaccine in Alaska Native
infants. The Alaska H. influenzae Vaccine Study Group. N Engl J Med
1990; 323:1393–401.

30. Feeney AJ, Atkinson MJ, Cowan MJ, Escuro G, Lugo G. A defective
Vkappa A2 allele in Navajos which may play a role in increased sus-
ceptibility to haemophilus influenzae type b disease. J Clin Invest
1996; 97:2277–82.

31. Ambrosino DM, Schiffman G, Gotschlich EC, et al. Correlation be-
tween G2m(n) immunoglobulin allotype and human antibody re-
sponse and susceptibility to polysaccharide encapsulated bacteria. J Clin
Invest 1985; 75:1935–42.

32. Granoff DM, Holmes SJ. G2m(23) immunoglobulin allotype and im-
munity to Haemophilus influenzae type b. J Infect Dis 1992; 165(Suppl
1):S66–9.

33. Sanders LA, Feldman RG, Voorhorst-Ogink MM, et al. Human im-
munoglobulin G (IgG) Fc receptor IIA (CD32) polymorphism and
IgG2-mediated bacterial phagocytosis by neutrophils. Infect Immun
1995; 63:73–81.

34. Heijnen IA, Van de Winkel JG. Human IgG Fc receptors. Int Rev
Immunol 1997; 16:29–55.


