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Vaccination of infants with Haemophilus influenzae type b (Hib) capsular polysaccharide (HibCP) coupled to
carrier proteins has proven protective against invasive Hib diseases in several trials. However, insufficient
immunogenicity has been noted in certain populations. Therefore, studies analyzing factors influencing the
antibody response to conjugate vaccines are needed. In this study, the response to HibCP coupled to tetanus
toxoid (TT) was examined in relation to (i) priming with or coadministration of the carrier protein and (ii) the
levels of passively acquired maternal TT antibodies. One hundred forty-four infants were vaccinated with
HibCP-TT at 5 and 6 months. They were randomized into three groups that received IT as part of a
diphtheria-tetanus-polio vaccine at either 6 and 7 months (group A), 5 and 6 months (group B), or 4 and 5
months (group C). Maternally acquired IT antibodies inhibited the anti-HibCP response to the first HibCP-YT
dose in groups A and B (r = -0.5 and -0.4, respectively; P < 0.005). In these groups, infants with
prevaccination anti-YT levels above the median failed to reach the defined long-term protective level of HibCP
antibodies (1 Lg/ml) more often than infants with low prevaccination levels after the first (P = 0.0001) and the
second (P = 0.01) doses of HibCP-IT. In contrast, active priming with TT at 4 months resulted in a
threefold-higher median level of anti-HibCP (group C; 1.34 ,ug/ml) than in the unprimed group (group A; 0.40
,ug/ml) after the first dose of HibCP-TT (P = 0.01). Coadministration of IT had no enhancing effect (group B;
0.58 ,g/ml). No significant differences between the median anti-HibCP levels were seen after the second
HibCP-IT dose (6.72, 9.63, and 11.44 iLg/ml in groups A, B, and C, respectively; P = 0.25).

Invasive infections with Haemophilus influenzae type b
(Hib) in children represent a major problem throughout the
world. In most areas Hib is the predominant cause of
bacterial meningitis in the first and second years of life.
Antibody to Hib capsular polysaccharide (HibCP) is protec-
tive, but for children younger than 18 months, purified
HibCP has proven inefficient as a vaccine because it fails to
induce protective antibody levels (24). However, conjugate
vaccines, in which HibCP is covalently linked to a protein,
have proven immunogenic in the first year of life (2, 7, 10,
12), and efficacy rates of close to 100% have recently been
found after two or three doses in large-scale field trials in
Finland and the United States (6, 12). The antibody levels
induced by the first vaccination, however, are often low (9,
14, 19), and as a consequence, cases of invasive Hib infec-
tions have occurred after one or two immunizations with
conjugate Hib vaccines (6, 12). Furthermore, some conju-
gates have proven inefficient in certain populations, such as
Alaskan Eskimos (32) and American Indians (26). These
populations are characterized by a very early debut of Hib
infections (8, 33). A similar epidemiology is found among
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Australian aboriginals (17) and Gambians (5), and it is likely
that at least some of the currently available conjugate HibCP
vaccines will prove inefficient in these populations and in
others in developing areas.
One factor that may affect the immunogenicity of conju-

gate HibCP vaccines is the administration of other vaccines.
Tetanus toxoid (TT) and diphtheria toxoid (DT) are used as
carriers in several HibCP conjugates, and since these anti-
gens are also part of the existing immunization programs, an
interaction is especially likely to occur. It is well known that
priming with the carrier can increase the antibody response
to Hib conjugates in rodents (1, 28), but this has not been
convincingly demonstrated in humans. In fact, we have
recently shown that in adults preimmunization with the
carrier protein suppresses the response to HibCP conjugates
(4). We therefore found it important to address the possible
interactions in infants between preexisting immunity to TT
and the antibody response to an HibCP-TT conjugate vac-
cine.

MATERIALS AND METHODS

Infants. One hundred forty-seven healthy Danish infants
with gestational ages of 237 weeks and birth weights of
.2,500 g were recruited from the maternity ward of Hvi-
dovre Hospital, Copenhagen, Denmark, shortly after birth.
One to three months after the initial contact, informed
consent was obtained from the parents, and the infants were
randomized into three groups. Infants with a history of Hib
disease or exposure to Hib or with known allergy to the
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TABLE 1. Median levels of HibCP and TT antibodies in 144 healthy Danish infants vaccinated with HibCP-TT at 5 and 6 months and
differing with respect to priming with TT as part of a DT-TT-polio (DT-IPV) vaccine

Vaccination(s) given at agea (mo): No. of Anti-TT (IU/ml) Anti-HibCP" (p,g/ml) at age (mo):
4 5 6 7 individuals at 5 mo. 5 6 7

A HibCP-TT HibCP-TT 43 0.13 (0.08-0.27) 0.13 (0.08-0.19) 0.40 (0.32-1.1) 6.72 (3.9-11)
DT-IPV DT-IPV

B HibCP-IT HibCP-TT 48 0.12 (0.07-0.17) 0.13 (0.10-0.17) 0.58 (0.38-1.4) 9.63 (6.6-13)
DT-IPV DT-IPV

C HibCP-TT HibCP-TT
DT-IPV DT-IPV 53 0.51- (0.39-0.76) 0.11 (0.09-0.18) 1.34d (0.87-2.6) 11.44 (7.6-16)

a The indicated ages are approximate. The median ages at the first and the second HibCP-TT vaccinations, respectively, were as follows: group A, 22.0 and
26.3 weeks; group B, 22.1 and 26.6 weeks; and group C, 22.4 and 27.0 weeks.

b Median, 95% confidence limits of the median (based on the binomial distribution) are in parentheses.
c Higher than the levels in groups A and B; P < 0.000001.
d Higher than the levels in group A; P = 0.01.

components of the vaccines were excluded from the study.
All except three infants were Caucasian. The protocol was
approved by the regional ethical committee.

Vaccines. Hib conjugate vaccine containing 10 ,ug of
HibCP coupled to 24 ,ug of TI (HibCP-T1) (ActHib, lots
S2181 and S2428) was supplied by Institut Pasteur Merieux
(Lyon, France). Diphtheria-tetanus-polio (DT-IPV) vaccine,
containing Al(OH)3-adsorbed TT (12.5 Lf, equal to approx-
imately 45 ,ug), DT, and formalin-inactivated polio virus,
was obtained from Statens Seruminstitut (Copenhagen, Den-
mark). This vaccine was sometimes given by the general
practitioner, and several lots were used (lots 77, 78, 79, 80,
81, 82, and 83).

Study design. The schedule for vaccination and blood
sampling is given in Table 1. The infants were randomized
into three groups to receive DT-IPV at 6 and 7 months
(group A), 5 and 6 months (group B), or 4 and 5 months
(group C). All infants were immunized with HibCP-TI at 5
and 6 months, and blood was obtained by vein puncture
before and 1 month after these vaccinations. Serum was
prepared immediately and frozen at -20°C until testing.
Both vaccines were given subcutaneously, laterally in the
thigh, but on opposite sites. The same side and lot were used
for both HibCP-TI immunizations.
Antibody determinations. Infant sera were tested for total

antibody against HibCP and TT by enzyme-linked immu-
nosorbent assays (ELISA) as described in detail elsewhere
(4). In brief, plastic microtiter plates were coated with either
HibCP coupled to poly-L-lysine (a gift from Connaught
Laboratories, Swiftwater, Pa.) or purified TT (Statens Seru-
minstitut). Serum samples were added as six twofold dilu-
tions. Only dilution buffer was added to four wells to allow
determination of the background optical density (OD). After
overnight incubation, the plates were washed and peroxi-
dase-coupled rabbit anti-human total immunoglobulin anti-
bodies (Dako, Glostrup, Denmark) were added (diluted
1/1,000). After 2 h, the washing was repeated and the plates
were developed with 1,2-phenylenediamine dihydrochloride.
The chromogenic reaction was stopped after 15 min by
addition of 2 M H2SO4, and the ODs were read at 492 nm.
The results were expressed in micrograms per milliliter for

HibCP antibodies and in international units per milliliter for
TT antibodies by the use of two reference serum pools. The
reference used in the anti-HibCP ELISA was calibrated
against the Food and Drug Administration standard (lot
1983, assigned 70 p,g/ml), while that used in the anti-TT

ELISA was calibrated against a serum pool with a known
content of TT antibody supplied by Iver Heron (Statens
Seruminstitut). A parabola was used as the standard curve,
using least-squares curve fitting. Preliminary concentrations
of the test samples were determined as the averages of the
values obtained from the individual dilutions with ODs
paralleling the standard curve. For each serum the in-
hibitability by antigen was tested in duplicate wells contain-
ing the serum in the highest concentration in the presence of
free relevant antigen (HibCP, 200 ,ug/ml; TI, 100 ,ug/ml).
The preliminary concentrations were corrected for unspe-
cific binding by multiplying by the fraction that could be
inhibited by free antigen, calculated as 1 - (ODinhibited/
ODuninhibited) (ODs from the highest serum concentration
after subtraction of the background). After this correction,
the values from the HibCP ELISA correlated closely with
values obtained by Helena Kayhty, in the current radioim-
munoassay at the National Public Health Institute in Hel-
sinki, over the range of 0.1 to 600 ,ug/ml (Pearson correlation
coefficient for logarithmically transformed data: r = 0.93, n
= 20). The lower detection limit was approximately 0.05
,ug/ml, and readings below this were registered as 0.025
p,g/ml.
Maternal sera were collected from the majority of the

mothers when their infants were 12 to 13 months of age.
These sera were analyzed for anti-TT immunoglobulin G
(IgG) by using the anti-TT ELISA described above, except
that peroxidase-coupled rabbit anti-human IgG (Dako;
1/1,000) was used as secondary antibody. Anti-TT IgG levels
were expressed in arbitrary units.

Statistics. The Kruskal-Wallis test was used to evaluate
differences in distributions between the three groups. If
significant differences were found, individual groups were
compared by the Mann-Whitney U test. Fischer's exact test
and the chi-square test were used to evaluate nominal data
when indicated in the text. Spearman rank correlation anal-
ysis was used for all correlations if not otherwise mentioned.
P < 0.05 was considered statistically significant.

RESULTS

The parents of three infants withdrew after the first
immunization and one more infant was withdrawn after the
last immunization, leaving postvaccination blood samples
from 144 infants (82 male and 62 female) available for testing.

INFECT. IMMUN.
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FIG. 1. Correlations between the prevaccination levels of TT
antibodies (measured at 5 months) (international units per milliliter,
x axis) and the levels of HibCP antibodies 1 month after the first
immunization (at 5 months) with HibCP-TT (micrograms per milli-
liter,y axis). A total of 144 healthy Danish infants were randomized
into three groups differing in respect to carrier priming. Group A
was not actively immunized with TT. Group B received TT as a part
of the DT-IPV vaccine concomitantly with HibCP-TT. Group C was

primed at 4 months with DT-IPV and received concomitant DT-IPV
immunization at 5 months. Spearman correlation coefficients and
corresponding P values are given.

From six infants, blood samples were not collected on all
scheduled occasions.
Table 1 shows the experimental design, with three groups

receiving HibCP-TT immunizations with different timings of
the DT-IPV vaccinations. No significant differences between
the groups were found with respect to sex, gestational age,
or birth weight (data not shown). The distribution of the two
HibCP-TT vaccine lots for the three vaccination groups was,
however, slightly skewed, as follows: group A, 19 and 24
infants for S2181 and S2428, respectively; group B, 26 and
22; and group C, 15 and 38 (X2 = 7.1; df = 2; P = 0.03). The
two lots did, however, induce similar levels of HibCP
antibodies within the groups as measured at 6 and 7 months
(Mann-Whitney U tests; 0.86 > P > 0.12). Pooled data from
both lots are therefore given below.

Influence of carrier priming. Since TT is a component of
the DT-IPV vaccine as well as the carrier molecule in the
HibCP-TT conjugate, the experimental design allowed us to
examine the impact on the response to HibCP-TT of priming
with TT. One month after the first injection of HibCP-TT
(i.e., at 6 months), different median anti-HibCP levels were
obtained for the three groups (Table 1) (Kruskal-Wallis test;
P = 0.02). A threefold-higher median antibody level was
obtained for group C, receiving both prior and concomitant
carrier immunization, than for the unprimed group (A) (P =
0.01). In group C, the anti-HibCP levels also exceeded those
in group B (only concomitant carrier immunization; P =

0.08). The anti-HibCP levels in the latter group (B) did not

differ significantly from those in the unprimed group (A) (P =
0.23).

After the second immunization with HibCP-TT, all groups
had received at least one DT-IPV injection, and no signifi-
cant differences between the anti-HibCP levels were found
(Kruskal-Wallis test; P = 0.25).

Influence of maternally acquired TT antibodies. Figure 1
shows the negative correlations in groups A and B between
the anti-HibCP levels recorded after the first vaccination
with HibCP-TT and the prevaccination levels of 1T antibod-
ies (r = -0.50, P = 0.0008, and r = -0.40, P = 0.004,
respectively). Similar trends were seen after the second dose
of HibCP-TT, but these were not statistically significant
(data not shown). The infants of these groups had not been
actively immunized with TI before the blood sample was
drawn at 5 months, and the 1T antibodies were therefore
expected to be of maternal origin. This assumption was
confirmed by the demonstration of a close correlation be-
tween these antibody levels and the levels of anti-TT IgG in
the maternal sera (group A, r = 0.94, P < 0.000001, n = 32;
group B, r = 0.87, P < 0.000001, n = 31). In fact, in group
A a negative correlation between the anti-HibCP levels at 6
months and the maternal anti-TT IgG levels was found (r =
-0.58, P = 0.0007).

In group C, the anti-TT levels at 5 months were fourfold
higher than in groups A and B (Table 1) because of active
immunization with DT-IPV 1 month earlier. Under these
circumstances, a negative influence of preexisting TT anti-
bodies on the formation of antibody to HibCP was not
observed (Fig. 1; r = 0.06, P = 0.7). Furthermore, no
correlation between the maternal anti-TT IgG levels and the
anti-HibCP levels obtained in this group at 6 months was
found (r = -0.08, P = 0.6, n = 39).

Table 2 shows the numbers of infants from groups A and
B (pooled) that obtained defined protective levels of HibCP
after the first and second doses of HibCP-TT. The infants
were stratified by the median prevaccination anti-TT level
into two groups with high and low levels of maternally
acquired TT antibodies. After both the first and the second
HibCP-TT doses, significantly more infants with high pre-
vaccination levels of TT antibodies failed to reach the
defined anti-HibCP level of long-term protection (1 ,ug/ml)
(Table 2). In group C, 22 (of 53 [42%]) infants had less than
1 ,ug of HibCP antibody per ml after the first dose, and 1 (of
50 [2%]) infants had a level below this limit after the second
dose.
Adverse effects. No serious adverse effects were observed

in infants vaccinated with HibCP-TT and/or DT-IPV. The
adverse effects will be discussed in detail elsewhere.

TABLE 2. Numbers of infants with postvaccination anti-HibCP levels below or above defined limits of short-term (0.15 ,ug/ml) and long-
term (1.0 ,ug/ml) protection after one or two doses of HibCP-=T

No. (%) of infants with the indicated postvaccination anti-HibCP level (pLg/ml) after dose:
Prevaccination anti-YT level 2

(IU/ml) at 5 mo 1 2
<0.15 .0.15 <1.0 >1.0 <1.0 >1.0

<0.12 3 (7) 41 (93) 17 (39) 27 (61) 1 (2) 43 (98)
20.12 gb (20) 37 (80) 36C (78) 10 (22) 8C (18) 36 (82)

a The two doses were given at 5 and 6 months, respectively. Individuals from groups A and B were divided into two groups on the basis of a low or high
prevaccination level of maternally acquired YT antibodies.

b Indicates a tendency for more infants failing to reach the defined short-term protective level among infants with high prevaccination levels of anti-YT (P =
0.07, Fischer's exact test).

c Significantly more infants failing to reach the defined long-term protective level after one (P = 0.0001) and two (P = 0.01) doses of HibCP-YT.
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DISCUSSION

In 1929, Avery and Goebel (3) showed that coupling of
polysaccharides to protein carriers increases the immunoge-
nicity of polysaccharides in experimental animals. Recent
studies with humans, first with pure HibCP (24) and later
with protein conjugates thereof, have shown that coupling of
capsular polysaccharides to protein carriers also greatly
improves their immunogenicity in infants (11). HibCP is a
good immunogen in adults, but conjugates yield higher
antibody responses (15). The role of the protein carrier in the
superiority of such conjugates over the pure polysaccharide
is, however, still poorly understood. HibCP, like many
capsular polysaccharides, has been classified as a T-lympho-
cyte-independent antigen (type II) in rodents (21). From
studies of the response to haptenated proteins in rodents (20,
25), it seems likely that the carrier molecule works by
supplying T-cell epitopes to otherwise T-cell-independent
polysaccharides. According to our current understanding of
the cognate T-cell-B-cell interactions (reviewed in reference
22), presentation of such epitopes for CD4+ T-helper cells by
the HibCP-specific B cell leads to activation and clonal
expansion of both carrier-specific T cells and polysaccha-
ride-specific B cells. This hypothesis explains the ability of
conjugate vaccines to induce higher antibody responses than
pure HibCP as well as the ability of conjugates to prime for
booster responses (reviewed in reference 30). According to
this model, priming with the carrier molecule should en-
hance the response to conjugate vaccines by increasing the
number of carrier-specific T lymphocytes. Enhancement by
priming has indeed been found in rodents and rhesus mon-
keys (1, 28, 29). For humans, however, few studies have
addressed this important question, and none has convinc-
ingly confirmed the existence of a beneficial effect of carrier
priming. However, several observations point to this possi-
bility (16). For example, Anderson and coworkers found that
concomitant immunization of infants with HibCP (oligosac-
charides) conjugated to DT and diphtheria-tetanus-pertussis
vaccine was less efficient in inducing HibCP antibodies than
if the injection of the conjugate was delayed for 1 month after
the diphtheria-tetanus-pertussis immunization (2). This
could be explained by carrier priming, but the result could
also be a consequence of the infants in the high-responder
group being 1 month older.
From the present study it can be concluded that priming

with DT-IPV at 4 months followed by concomitant injection
of this vaccine and HibCP-TT at 5 months increases the
anti-HibCP response compared with that induced by
HibCP-TT administered without DT-IPV. Coadministration
of DT-IPV and HibCP-TT at 5 months without priming at 4
months did not result in significant increases in HibCP
antibody levels compared with HibCP-TJ given alone. Both
observations are compatible with the induction of carrier-
specific T-cell immunity, since activation, expansion, and
dissemination of carrier-specific T cells take time. Conse-
quently, priming 1 month earlier is expected to be more
effective than coadministration. However, an enhancing
effect of concomitant carrier immunization on the response
to HibCP conjugates has been found in experimental animals
(29, 31), and our findings do not exclude that coadministra-
tion alone could have some effect on the response to
HibCP-TT which was overlooked in the present study be-
cause of the relatively small numbers of infants examined. It
should also be noted that this study has not formally ruled
out the possibility that the positive effect of the DT-IPV
vaccine was caused by components other than TT. How-

ever, we find this possibility unlikely, since we have shown
that in adults prior immunization with irrelevant Al(OH)3-
adsorbed protein antigens did not interfere with the subse-
quent response to HibCP conjugates, including HibCP-TT
(4).
Another finding of this study is that maternally acquired

Ti? antibodies present at the time of immunization with
HibCP-TT suppressed the response to the polysaccharide
part of HibCP-TT in a dose-dependent manner (Fig. 1, group
A). This effect was not overcome by coadministration ofIT
(group B) but was overcome by active priming with TT 1
month earlier (group C). Infants (groups A and B) with high
prevaccination levels (above the median) failed to reach the
defined long-term protective level (1 ,g/ml) of HibCP anti-
body more often than those with low levels, even after the
second immunization (Table 2). Claesson and coworkers (7)
also found a negative influence of maternally acquired 1T
antibodies on the response to HibCP-TT given at 3 and 5
months of age, but unlike us they found a negative influence
on the response to the 1T component only, not on the
anti-HibCP response.
The demonstration in this study of opposite effects of

passively (antibody-mediated) and actively (carrier-specific
T-cell-mediated?) acquired immunity to the carrier on the
response to HibCP-TT points to several possible ways to
optimize conjugate polysaccharide vaccines for future use in
childhood immunization programs. The negative influence of
maternal antibodies may explain the superiority of HibCP
coupled to meningococcal outer membrane protein as com-
pared with 1T or DT conjugates when infants are immunized
at 2 months of age (9, 14), since maternal antibodies to this
outer membrane protein are not expected to be present in
significant amounts. Thus, in populations in which very early
protection against Hib is needed, the use of carriers that are
not part of the routine vaccination protocols may be the most
rational approach. Alternatively, prevaccination with the
carrier could be tried as a means to increase the response to
the first dose of the HibCP conjugate. It should be noted,
however, that with the protocols used in the present study,
we found no significant differences in the median anti-HibCP
levels after the second dose of HibCP-TT.
Although the present study demonstrates that the inhibi-

tory influence of preexisting TT antibodies on the response
to HibCP-TT can be counteracted by active immunization
with the carrier, this may not be the case in situations in
which the anti-TiT levels are very high. In fact, we have
recently shown for adults that recent preimmunization with
1T inhibits the anti-HibCP response to HibCP-TT (4). In that
study, preimmunization induced very high anti-Ti levels,
and it is likely that the suppression was in some way caused
by these antibodies.

Suppression by carrier priming is well documented in
studies of the antibody response to haptenated proteins in
rodents. Suppression is usually reported in experiments in
which very large amounts of carrier are used for priming
(often together with an adjuvant) and high anticarrier anti-
body levels are achieved. Passive transfer of large amounts
of anticarrier antibody has been shown to inhibit the re-
sponse to a hapten-carrier conjugate (18). In some systems,
including that described in a recent report on suppression of
the response to a polysaccharide conjugate by carrier prim-
ing in mice (23), suppression was abrogated or even changed
into enhancement if the amount of carrier used for priming
was reduced (27) to a level causing a low antibody response
to the carrier. A similar effect has been achieved by remov-
ing B-cell epitopes from the carrier by dodecanoylation (27)
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or by using peptide fragments containing T-cell epitopes but
no B-cell epitopes instead of the intact carrier (13).
The success of the HibCP conjugates has greatly stimu-

lated interest in the development of polysaccharide-protein
conjugates for the protection of children and adults against a
variety of capsulate bacteria, including Neisseria meningit-
idis, Streptococcus pneumoniae, group b streptococci,
Escherichia coli, Shigella dysentenae, Salmonella typhi,
and Pseudomonas aeruginosa. With the present tendency to
use a limited number of B-cell immunogenic proteins as
carriers, there is a risk that anticarrier antibodies induced by
one conjugate will suppress the response to another (or the
same) conjugate. Such negative interactions between vac-
cines could take place in one individual or be transferred by
maternal antibodies from mother to infant. In the long run, it
may therefore be necessary to design protein carriers with
reduced ability to invoke synthesis of anticarrier antibody
but still containing T-cell epitopes. Denaturation of the
carrier protein or the use of oligopeptides containing well-
defined T-cell epitopes may be ways to achieve this goal.

ACKNOWLEDGMENTS
We thank Tonni Hansen and Marianne Pedersen for excellent

technical assistance, Helena Kayhty for assistance with assay
calibration, and Connaught Laboratories for supplying reagents.

This work was supported by the Lundbeck Foundation, the
Danish Medical Research Council (grants no. 12-0251-1 and 12-0251-
2), the Danish Hospital Foundation for Medical Research (region of
Copenhagen, the Faroe Islands, and Greenland), and Pasteur
Merieux A/S.

REFERENCES
1. Anderson, P. 1983. Antibody responses to Haemophilus influ-

enzae type b and diphtheria toxin induced by conjugates of
oligosaccharides of the type b capsule with the nontoxic protein
CRM197. Infect. Immun. 39:233-238.

2. Anderson, P., M. Pichichero, K. Edwards, C. R. Porch, and R.
Insel. 1987. Priming and induction of Haemophilus influenzae
type b capsular antibodies in early infancy by Dpo2O, an
oligosaccharide-protein conjugate vaccine. J. Pediatr. 111:644-
650.

3. Avery, 0. T., and W. F. Goebel. 1929. Chemo-immunological
studies on conjugated carbohydrate-proteins. II. Immunological
specificity of synthetic sugar-protein antigens. J. Exp. Med.
50:533-550.

4. Barington, T., M. Skettrup, L. Juul, and C. Heilmann. 1993.
Non-epitope-specific suppression of the antibody response to
Haemophilus influenzae type b conjugate vaccines by preimmu-
nization with vaccine components. Infect. Immun. 61:432-438.

5. BUlmer, H. A., and L. van Alphen. 1992. A prospective,
population-based study of Haemophilus influenzae type b men-
ingitis in The Gambia and the possible consequences. J. Infect.
Dis. 165:S29-S32.

6. Black, S. B., H. R. Shinefield, B. Fireman, and R. Hiatt. 1992.
Safety, immunogenicity, and efficacy in infancy of oligosaccha-
ride conjugate Haemophilus influenzae type b vaccine in a
United States population: possible implications for optimal use.
J. Infect. Dis. 165(Suppl 1):S139-S143.

7. Claesson, B. A., R. Schneerson, J. B. Robbins, J. Johansson, T.
Lagergard, J. Taranger, D. Bryla, L. Levi, T. Cramton, and B.
Trollfors. 1989. Protective levels of serum antibodies stimulated
in infants by two injections of Haemophilus influenzae type b
capsular polysaccharide-tetanus toxoid conjugate. J. Pediatr.
114:97-100.

8. Coulehan, J. L., R. H. Michaels, C. Hallowell, R. Schults, T. K.
Welty, and J. S. Kuo. 1984. Epidemiology of Haemophilus
influenzae type b disease among Navajo Indians. Public Health
Rep. 99:404-409.

9. Decker, M. D., K. M. Edwards, R. Bradley, and P. Palmer. 1992.
Comparative trial in infants of four conjugate Haemophilus

influenzae type b vaccines. J. Pediatr. 120:184-189.
10. Einhorn, M. S., G. A. Weinberg, E. L. Anderson, P. D. Granoff,

and D. M. Granoff. 1986. Immunogenicity in infants of Hae-
mophilus influenzae type b polysaccharide in a conjugate vac-
cine with Neisseria meningitidis outer-membrane protein. Lan-
cet ii:299-302.

11. Eskola, J., H. Kiyhty, H. Peltola, V. Karanko, P. H. Makela, J.
Samuelson, and L. K. Gordon. 1985. Antibody levels achieved in
infants by course of Haemophilus influenzae type b polysaccha-
ride/diphtheria toxoid conjugate vaccine. Lancet. i:1184-1186.

12. Eskola, J., H. Kiyhty, A. K. Takala, H. Peltola, P. R. Ronnberg,
E. Kela, E. Pekkanen, P. H. McVerry, and P. H. Mikela. 1990.
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.
323:1381-1387.

13. Etlinger, H. M., D. Gillessen, H.-W. Lahm, H. Matile, H. J.
Schonfeld, and A. Trzeciak 1990. Use of prior vaccinations for
the development of new vaccines. Science. 249:423-425.

14. Granoff, D. M., E. L. Anderson, M. T. Osterholm, S. J. Holmes,
J. E. Mchugh, R. B. Belshe, F. Medley, and T. V. Murphy. 1992.
Differences in the immunogenicity of three Haemophilus influ-
enzae type b conjugate vaccines in infants. J. Pediatr. 121:187-
194.

15. Granoff, D. M., E. G. Boies, and R. S. Munson, Jr. 1984.
Immunogenicity of Haemophilus influenzae type b polysaccha-
ride-diphtheria toxoid conjugate vaccine in adults. J. Pediatr.
105:22-27.

16. Granoff, D. M., M. H. Rathore, S. J. Holmes, P. D. Granoff, and
A. H. Lucas. 1993. Effect of immunity to the carrier protein on
antibody responses to Haemophilus influenzae type b conjugate
vaccines. Vaccine 11(Suppl 1):S46-S51.

17. Hansman, D., J. Hanna, and F. Morey. 1986. High prevalence of
invasive Haemophilus influenzae disease in central Australia,
1986. Lancet ii:927.

18. Katz, D. H., W. E. Paul, E. A. Goidl, and B. Benacerraf. 1970.
Carrier function in anti-hapten immune responses. I. Enhance-
ment of primary and secondary anti-hapten antibody responses
by carrier preimmunization. J. Exp. Med. 132:261-282.

19. Kayhty, H., J. Eskola, H. Peltola, P. R. Ronnberg, E. Kela, V.
Karanko, and L. Saarinen. 1991. Antibody responses to four
Haemophilus influenzae type b conjugate vaccines. Am. J. Dis.
Child. 145:223-227.

20. Mitchison, N. A. 1968. Cell populations involved in immune
responses, p. 149-151. In M. Landy and W. Braun (ed.),
Immunological tolerance. Academic Press, New York.

21. Mosier, D. E., and B. Subbarao. 1982. Thymus-independent
antigens: complexity of B-lymphocyte activation revealed. Im-
munol. Today 3:217-222.

22. Noelle, R. J., and E. C. Snow. 1991. T helper cell-dependent B
cell activation. FASEB J. 5:2770-2776.

23. Peeters, C. C. A. M., A.-M. Tenbergen-Meekes, J. T. Poolman,
M. Beurret, B. J. M. Zegers, and G. T. Rijkers. 1991. Effect of
carrier priming on immunogenicity of saccharide-protein conju-
gate vaccines. Infect. Immun. 59:3504-3510.

24. Peltola, H., H. Kiyhty, A. Sivonen, and P. H. Mikela. 1977.
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 60:730-737.

25. Rajewsky, K., V. Schirrmacher, S. Nase, and N. K. Jerne. 1969.
The requirement of more than one antigenic determinant for
immunogenicity. J. Exp. Med. 129:1131-1143.

26. Santosham, M., B. Rivin, M. Wolff, R. Reid, W. Newcomer,
G. W. Letson, J. Almeidohill, C. Thompson, and G. R. Siber.
1992. Prevention ofHaemophilus influenzae type b infections in
Apache and Navajo children. J. Infect. Dis. 165:S144-S151.

27. Sarvas, H., 0. Maikela, P. Toivanen, and A. Toivanen. 1974.
Effect of carrier preimmunization on the anti-hapten response in
the chicken. Scand. J. Immunol. 3:455-460.

28. Schneerson, R., 0. Barrera, A. Sutton, and J. B. Robbins. 1980.
Preparation, characterization, and immunogenicity of Hae-
mophilus influenzae type b polysaccharide-protein conjugates.
J. Exp. Med. 152:361-376.

VOL. 62, 1994



INFECr. IMMUN.

29. Schneerson, R., J. B. Robbins, C. Chu, A. Sutton, W. Vann,
J. C. Vickers, W. T. London, B. Curfman, M. C. Hardegree, J.
Shiloach, and S. C. Rastogi. 1984. Serum antibody responses of
juvenile and infant rhesus monkeys injected with Haemophilus
influenzae type b and pneumococcus type 6A capsular polysac-
charide-protein conjugates. Infect. Immun. 45:582-591.

30. Schneerson, R., J. B. Robbins, S. C. Szu, and Y. Yang. 1987.
Vaccines composed of polysaccharide-protein conjugates: cur-
rent status, unanswered questions, and prospects for the future,
p. 307-332. In R. Bell and G. Torrigiani (ed.), Towards better
carbohydrate vaccines. John Wiley & Sons Ltd., Chichester.

31. Vella, P. P., and R. W. Ellis. 1991. Immunogenicity of Hae-
mophilus influenzae type b conjugate vaccines in infant rhesus
monkeys. Pediatr. Res. 29:10-13.

32. Ward, J., G. Brenneman, G. W. Letson, W. L. Heyward, and
The Alaska H.influenzae Vaccine Study Group. 1990. Limited
efficacy of a Haemophilus influenzae type b conjugate vaccine
in Alaska Native infants. N. Engl. J. Med. 323:1393-1401.

33. Ward, J. I., H. S. Margolis, M. K. W. Lum, D. W. Fraser, T. R.
Bender, and P. Anderson. 1981. Haemophilus influenzae disease
in Alaskan Eskimos: characteristics of a population with an
unusual incidence of invasive disease. Lancet i:1281-1285.

14 BARINGTON ET AL.


