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Based on studies reporting specific antibody titers, it is recommended to vaccinate preterm infants against
Bordetella pertussis according to their chronological age. However, as specific T-cell responses also are involved
in the protection against B. pertussis, we have determined whether highly preterm infants (<31 weeks) are able
to mount these immune responses during vaccination. Forty-eight premature infants were vaccinated at 2, 3,
and 4 months of their chronological age with an acellular (Pa; n � 24) or a whole-cell (Pw; n � 24) tetravalent
diphtheria-tetanus-pertussis-polio vaccine, and blood samples were collected at 2, 3, and 6 months of age. Most
of the Pa- and Pw-vaccinated infants developed at 3 or 6 months of age a gamma interferon (IFN-�) response
to the B. pertussis antigens, accompanied by an interleukin-5 (IL-5) and IL-13 secretion for the Pa-vaccinated
infants. No association was found between a very low infant birth weight, the occurrence of severe infections,
and corticosteroid treatment or the administration of gammaglobulins with a low level of antigen-induced
IFN-� secretion. We conclude that like full-term infants, most preterm infants are able to mount a specific
cellular immune response to the administration of the first doses of an acellular or a whole-cell pertussis
vaccine.

Preterm infants are at high risk of Bordetella pertussis infec-
tions, and this infection is more severe and is associated with a
higher morbidity and mortality than it is in infants born at full
term (11, 26). The American Academy of Pediatrics therefore
recommends immunizing preterm infants at their chronologi-
cal age with the same vaccine schedule as that recommended
for full-term infants (22). These recommendations initially
were based on antibody titers measured in studies performed
on small numbers of infants who had received whole-cell per-
tussis vaccines (Pw) (2, 3, 10). Recent studies with the acellular
pertussis vaccines (Pa) have confirmed that preterm infants
mount antibody responses to the B. pertussis vaccine antigens,
with titers in preterm infants reported to be lower (23) or
similar (17, 24) to those obtained in full-term infants. However,
these studies assessed only the humoral immune responses, al-
though protection against pertussis relies both on humoral and on
cellular Th1-type immune responses (1, 15, 16, 18).

Until recently, doubt existed about the ability of infants to
develop a specific Th1-type immune response and therefore
adequate immune responses to an early administration of a B.
pertussis vaccine. Infants most often are considered relatively
deficient in their capacity to secrete gamma interferon (IFN-�)
(19, 25). However, some exceptions have been reported, in-
cluding the ability to secrete IFN-� in response to the major B.
pertussis antigens during infection (14) or after vaccination (13,
5), indicating that infants are able to mount both antibody-

specific and antigen-specific IFN-� responses upon the infec-
tion or administration of pertussis vaccines.

To our knowledge, in contrast to infants born at term, no
data on the early cellular immune responses of preterm infants
after the administration of the primary series of pertussis vac-
cines have been reported yet. Therefore, we do not know
whether preterm infants are able to mount adequate specific
immune responses to an early administration of a B. pertussis
vaccine. In the context of the current resurgence of B. pertussis
infections, such knowledge should help to offer the best vacci-
nation strategy for preterm infants. We therefore assessed here
the specific cellular immune responses, together with the hu-
moral responses, in preterm infants with very low gestational
age (VLGA; born at �31 weeks) that have received their first
three doses of pertussis vaccines at their chronological ages.
Immune responses induced by a Pa vaccine were compared to
those induced by a Pw vaccine.

MATERIALS AND METHODS

Infants included in the study. Forty-eight premature infants were included in
this study and were vaccinated against B. pertussis at their chronological age
according to the Belgian vaccination recommendations at the time of the study,
between 2001 and 2004. They were vaccinated at 2, 3, and 4 months of age with
one of two tetravalent diphtheria-tetanus-pertussis-polio vaccines used at that
time in Belgium, the Pa vaccine Tetravac or the Pw vaccine Tetracoq (both
vaccines from Sanofi Pasteur, Lyon, France), combined with a lyophilized Hae-
mophilus influenzae type b vaccine, as described previously (4). As the recom-
mendations in Belgium to administer Pa vaccines instead of Pw vaccines were
implemented in 2001, we had the opportunity to compare two groups of infants
receiving for their first three vaccine doses either the Pw (n � 24) or the Pa (n �
24) vaccine. The infants were enrolled at two different hospitals, the Hôpital
Erasme and the Centre Hospitalier Inter Régional Edith Cavell. The ethical
committees of both hospitals approved the study, and all of the infants’ parents
gave their informed consent.
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All of the infants were born at VLGA (before 31 weeks of gestational age, with
a mean gestational age at birth of 28 weeks [range, 25 to 30 weeks]). This age was
determined by the known date of the last menstrual period and/or an early
ultrasonogram. None of them were HIV positive, and they were not born from
HIV-positive mothers. They all were breastfed initially, and 56% of them still
were breastfed at discharge from the neonatal intensive care unit. Twenty-three
of 48 infants received steroids during the neonatal period (intravenously [i.v.] for
15 of them and by inhalation for 18 of them, with 10 receiving both i.v. and
inhaled corticosteroids). For the i.v. route, the last dose was administered at least
2 weeks before their first vaccine dose. Seventeen of 48 infants experienced
severe infections during the neonatal period (septicemia on the central catheter,
necrotizing enterocolitis, and pneumonia), but they did not receive the vaccines
while being infected. Twenty-nine of 48 infants received intravenous immuno-
globulins (Sandoglobulin; 400 mg/kg of body weight; Novartis) for severe infec-
tion or severe hypo-IgG (less than 200 mg/dl), and the injection was performed
at least 21 days before their first vaccine injection, and 16/48 infants received
anti-respiratory syncytial virus (RSV) IgG (Synagis; 15 mg/kg/dose; Abbott). Due
to the time lapse between the IgG administration and the first vaccination, the
IgG administration is not expected to have directly influenced the antibody titers.

Blood samples were collected from the infants at around 2 months of age just
before their first vaccine administration, at around 3 months, before their second
vaccine injection, and at around 6 months, 2 months after their third vaccine
injection.

Cell isolation, culture conditions, and cytokine concentration determinations.
Peripheral blood mononuclear cells (PBMC) were isolated and assayed for
cytokine secretion after antigenic stimulation as previously described (4, 13, 14).
Because of limitations in the numbers of PBMC harvested, levels of antigen-
specific IL-13 and IL-5 could not be assayed for all infants at each time point.

Antibody assays. Filamentous hemagglutinin (FHA)- and pertussis toxin
(PTX)-specific IgG titers were measured by a solid-phase enzyme-linked immu-
nosorbent assay (ELISA). Briefly, plates were coated with 2 �g/ml FHA or PTX
(both antigens from Sanofi Pasteur) diluted in phosphate-buffered saline (PBS).
Sera serially diluted from 1/50 to 1/4,000 in PBS–Tween 0.05%–casein 0.5% then
were incubated for 30 min at room temperature. The antibodies were detected
by the addition of peroxidase-labeled goat anti-human IgG (250 ng/ml for 30 min

at room temperature; Imtech Diagnostics, NV) and then the extravidine sub-
strate (Sigma). The anti-FHA and anti-PTX IgG concentrations of the samples
were evaluated by reference to a standard curve established by testing serial
dilutions of a U.S. reference pertussis antiserum (kindly provided by Bruce
Meade, FDA, Rockville, MD).

The avidity of the specific IgG was determined by an ELISA elution assay
using potassium thiocyanate (KSCN) as a chaotropic agent according to a pre-
viously described method (12). Briefly, the serum dilution first was adjusted to a
concentration giving ELISA results in the upper portion of the linear part of the
standard curve. Seven identical serum dilutions then were incubated on the
antigen-coated plates for 30 min at room temperature. After the plates were
washed, KSCN was added at final concentrations of 0, 0.25, 0.5, 1, 1.5, 2, and 2.5
M, and the plates were incubated for 15 min at room temperature. After the
plates were washed, the antibodies fixed to the plates were detected as described
for the classical ELISA. The avidity index was expressed as the molar concen-
tration of KSCN required to cause a 50% reduction in absorbance. Values
estimated to be normal were established in pertussis-vaccinated 6-month-old
term infants (n � 13). The medians and 25th to 75th percentiles of the values
obtained from full-term infants were 1.55 (range, 1.42 to 1.67) for FHA and 1.65
(1.45 to 1.85) for PTX (F. Mascart, unpublished data).

Statistical analysis. The statistical analyses were performed using the Graph-
Pad Prism 4.0b program (GraphPad Software, San Diego, CA). The comparison
of two groups of data was performed with the nonparametric Wilcoxon match
pair test. Categorical variables were compared using the two-tailed Fisher’s exact
test. Values of P � 0.05 were considered significant. Correlations were analyzed
by the nonparametric Spearman test.

RESULTS

Antigen-specific IFN-� responses in Pa- and in Pw-vacci-
nated infants. The FHA- and PTX-induced IFN-� responses
were measured in cell culture supernatants collected after 72 h
of in vitro culture of PBMC in the presence of FHA or PTX.
The concentrations of the IFN-� released were compared for
each infant between blood samples collected at 2 months,
before any vaccination, and at 3 and 6 months of age, respec-
tively, 1 month after the first vaccine injection and 2 months
after the administration of the first three vaccine doses. The
IFN-� response was considered positive when the IFN-� con-
centration released at 3 or 6 months was higher than the
sensitivity limit of the ELISA (25 pg/ml) and at least three
times higher than the value detected for the sample collected
at 2 months of age. These criteria were chosen because, for
unknown reasons, a significant antigen-specific IFN-� response
already was detected in some blood samples collected before
vaccination. Among the Pa-vaccinated infants, results from
one of them were not considered due to a technical problem,
and one infant dropped out of the study at 6 months. A specific
IFN-� response of the PBMC from the Pa-vaccinated infants
was noted for nearly half of the 3-month-old and of the
6-month-old infants in response to both FHA and PTX (Fig. 1

FIG. 1. FHA- and PTX-induced IFN-� secretion in Pa-vaccinated
preterm infants. The IFN-� concentrations were measured in 72-h cell
culture supernatants from PBMC stimulated in vitro with FHA or
PTX. (A and B) FHA-induced IFN-� secretion at 3 months compared
to that at 2 months of age (A) and at 6 months compared to that at 2
months of age (B). (C and D) PTX-induced IFN-� secretion at 3
months compared to that at 2 months of age (C) and at 6 months
compared to that at 2 months of age (D). Filled lines link the results
obtained for PBMC from the same infants. Broken lines indicate the
limit of the sensitivity of IFN-� detection (25 pg/ml).

TABLE 1. Antigen-specific IFN-� responses in Pa- and
Pw-vaccinated preterm infants

Vaccine and
antigen

No. of IFN-� responders/no. of infants tested (%) at:

3 mo 6 mo 3 or 6 mo

Pa
FHA 10/23 (43.4) 12/22 (54.5) 15/22 (68.2)
PTX 10/21 (47.6) 6/18 (33.3) 9/18 (50)

Pw
FHA 7/24 (29.1) 10/24 (41.6) 14/24 (58.3)
PTX 7/24 (29.1) 11/24 (45.8) 11/24 (45.8)
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and Table 1). Only some of the responders were the same at 3
and 6 months of age. Combining the responses at 3 and 6
months provided 68.2% of response to FHA and 50% of re-
sponse to PTX (Table 1).

Among the Pw-vaccinated infants, the PBMC from only one-
third of them secreted IFN-� in response to FHA or PTX at 3
months of age, compared to a response for more than 40% of
them at 6 months (Fig. 2 and Table 1). Combining both re-
sponses at 3 and 6 months provided 58.3 and 45.8% of the
response to FHA and PTX, respectively (Table 1).

In response to the two different pertussis vaccines, the IFN-�
responses to FHA and to PTX were correlated (r � 0.88 and
P � 0.001 for Pa; r � 0.59 and P � 0.001 for Pw; Spearman
correlation), indicating that most of the nonresponding infants
were nonresponders to both antigens.

Influence of clinical parameters on the specific IFN-� re-
sponse. As some infants had received i.v. immunoglobulins
and/or corticosteroids, and as some had experienced early se-
vere infections, as defined in the patient’s description, we an-
alyzed whether the absence of the IFN-� response to FHA or
PTX in some infants was related to these clinical parameters,
and no association was found (Fisher’s exact test). Similarly,
even though all of the included infants were born before 31
weeks of gestation, their birth weight varied between 700 and
1,630 g (median, 1,080 g). However, there was no significant
difference between the birth weights of the two groups of infants,
the Pa- and Pw-vaccinated infants, and no correlation was

noted between infant birth weight and antigen-induced IFN-�
secretion.

Antigen-specific Th2 cytokine responses in Pa- and Pw-vac-
cinated preterm infants. As previously described for term in-
fants (13), the PBMC from preterm infants who received the
Pa vaccine also secreted Th2-type cytokines in response to
FHA and PTX and the in vitro antigen-induced IFN-� and IL-5
concentrations were well correlated (FHA, r � 0.8776 and P �
0.0001; PTX, r � 0.633 and P � 0.027) (Fig. 3A and B). They
also secreted IL-13 in response to FHA and PTX, as shown in
Fig. 3C and D, but the IL-5 and IL-13 concentrations were only
poorly correlated. In contrast, the Pw-vaccinated infants only
rarely secreted IL-5 (2/22 infants in response to FHA and 1/14
infant in response to PTX) (data not shown). As a conse-
quence, at 6 months, the ratios between antigen-specific IFN-�
and IL-5 were significantly lower in the Pa recipients than in
the Pw recipients (Fig. 4). Similar results were found for the
ratios of the antigen-specific IFN-� to IL-13 concentrations
(data not shown). However, no association was found between
a low antigen-specific Th1/Th2 ratio and the occurrence of
bronchial hyperreactivity or nocturnal cough during the first 12
months of the life of the infants (Fisher’s exact test).

Antigen-specific IgG titers and affinities. As the previously
reported studies of the immune responses of preterm infants to
the administration of pertussis vaccines assessed only the hu-
moral immune responses, we completed our study by measur-
ing the anti-FHA and anti-PTX IgG responses in the sera. In
addition, the avidity indexes of these antibodies were measured
when they were detectable.

FIG. 2. FHA- and PTX-induced IFN-� secretion in Pw-vaccinated
preterm infants. The IFN-� concentrations were measured in 72-h cell
culture supernatants from PBMC stimulated in vitro with FHA or
PTX. (A and B) FHA-induced IFN-� secretion at 3 months compared
to that at 2 months of age (A) and at 6 months compared to that at 2
months of age (B). (C and D) PTX-induced IFN-� secretion at 3
months compared to that at 2 months of age (C) and at 6 months
compared to that at 2 months of age (D). Filled lines link the results
obtained for PBMC from the same infants. Broken lines indicate the
limit of sensitivity of the IFN-� detection (25 pg/ml). **, P � 0.01.

FIG. 3. FHA- and PTX-induced IFN-�, IL-5, and IL-13 secretions
in 6-month-old Pa-vaccinated preterm infants. The cytokine concen-
trations were measured in 72-h cell culture supernatants from PBMC
stimulated in vitro with FHA or PTX. The correlations between IFN-�
and IL-5 secretions in response to FHA (A) and PTX (B) are shown
in the upper panels, and those between IL-5 and IL-13 secretions are
shown in the lower panels for FHA (C) and PTX (D), respectively.
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No significant anti-FHA or anti-PTX IgG concentrations
were detected in sera from prevaccinated 2-month-old infants
and in sera from 3-month-old vaccinated infants, regardless of
the type of vaccine administered (Table 2). In contrast, anti-
FHA and anti-PTX IgG concentrations were significantly higher
in sera from 6-month-old than in those from 3-month-old in-
fants vaccinated with the Pa vaccine (P � 0.0001), and they
were significantly higher than the antibody concentrations de-
tected in 6-month-old Pw-vaccinated infants (P � 0.0001) (Ta-
ble 2), confirming previously reported data.

For Pa-vaccinated infants, a significant correlation was found
between the FHA IgG concentrations and the in vitro FHA-
induced IL-5 and IFN-� concentrations (IL-5, r � 0.73 and P �
0.0064; IFN-�, r � 0.60 and P � 0.01).

The antibody avidity indexes could not be determined for
Pw-vaccinated children, as the antibody levels were too low.
For Pa-vaccinated children, the avidity indexes for anti-FHA
IgG were slightly lower than those found for full-term infants
(medians and 25th to 75th percentiles were 1.10 and 1.02 to
1.42 in preterm infants and 1.55 and 1.42 to 1.67 in full-term
infants, respectively; P � 0.05). In contrast, the avidity indexes
for anti-PTX IgG were similar in preterm infants (median and
25th to 75th percentiles, 1.50 and 1.15 to 1.80, respectively) and
in full-term infants (median and 25th to 75th percentiles, 1.65
and 1.45 to 1.85, respectively).

DISCUSSION

Even though the scientific basis for the recommendation of
the pertussis immunization of preterm infants still is limited,
the American Academy of Pediatrics recommends immunizing
preterm infants at their chronological age with the same vac-
cine schedules as those for full-term infants (22). A correct
vaccination attitude is particularly important to protect pre-
term infants against B. pertussis, as they are especially vulner-
able to B. pertussis infection (11, 26). Furthermore, the inci-
dence of pertussis is so far the only one to increase among all
communicable diseases for which vaccines are available, even
in countries with high vaccination coverage (9). However, this
recommendation requires that pertussis vaccines are both safe
and immunogenic in preterm infants.

The specific immune responses induced by the priming

doses of a pertussis vaccine in preterm infants have been an-
alyzed only in a limited number of studies, and all have focused
exclusively on the humoral immune responses. Results from
these studies are difficult to compare, as different vaccines and
different administration schedules of these vaccines were used,
as well as different nonstandardized antibody assays. Globally,
these studies reported the appearance in preterm infants of
significant vaccine-induced specific antibody titers, albeit
sometimes at lower levels than those found in vaccinated full-
term infants (23). Two studies reported similar antibody titers
in preterm and full-term infants (17, 24). We confirmed here
that the Pa vaccine induces the appearance of significant an-
tibody levels in 6-month-old infants, and that the Pa vaccine is
more effective than the Pw vaccine for the induction of anti-
bodies against FHA and PTX (8). In addition, we report for
the first time for preterm infants that the avidity indexes of
these antibodies were similar to those of age-matched full-term
infants for PTX but were slightly lower than those of full-term
infants for FHA. The antibody avidity is one of the important
functional parameters involved in antibody quality, and it has
been proposed as a surrogate marker for the induction of suc-
cessful priming with conjugated polysaccharide vaccines (7), but
so far no data were available on the antibody avidities induced
by pertussis vaccines. In view of the recent indications that
antibody titers are not the only effectors of protection against
pertussis, and that other parameters of the immune response
also are involved (1, 15, 16, 18), we have focused this study on
the specific cellular immune responses induced in VLGA pre-
term infants by a vaccination with two different pertussis vac-
cines, a Pa and a Pw vaccine, administrated at their chrono-
logical age. Among the investigated parameters, we concentrated
especially on antigen-specific IFN-� secretion, which is known
to participate in protection against B. pertussis infection (1, 14,
15, 16, 18, 20). For a few infants, we already detected an
antigen-specific IFN-� secretion when we tested blood samples
collected at 2 months of age, just before the first administration
of the vaccine. Although this may be surprising, it already was
noted to sometimes occur in full-term infants (21). These in-
fants most often failed to develop a further antigen-specific
IFN-� response after the vaccine administrations (Fig. 1 and
2). However, when all of the infants included in the study are
considered, a significant FHA- and PTX-induced IFN-� secre-
tion by the PBMC was noted for more than half of the vacci-
nated infants, indicating that the immune system of most pre-

TABLE 2. Anti-FHA and anti-PTX antibody titers in Pa- and
Pw-vaccinated preterm infants

Vaccine and
antigen

Antibody titera (U/ml)

Prevaccination
(2 mo)

After first dose
(3 mo)

After third dose
(6 mo)

Pa
FHA 7.0 (4.0–9.5) 5.0 (3.0–7.5)b 65.0 (35.0–90.0)
PTX 5.0 (2.0–6.5) 4.5 (3.0–7.5)b 38.0 (33.0–52.0)

Pw
FHA 3.0 (3.0–6.0) 6.5 (4.0–8.5) 3.0 (2.5–7.0)
PTX 2.5 (2.0–3.0) 3.0 (1.0–3.0) 3.0 (2.0–5.5)

a Results are medians and 25th to 75th percentiles.
b P � 0.0001.

FIG. 4. Ratios of antigen-specific IFN-� to IL-5 secretion in
6-month-old Pa- or Pw-vaccinated preterm infants. IFN-� and IL-5
concentrations were measured in 72-h cell culture supernatants from
PBMC stimulated in vitro with FHA (A) or PTX (B). The ratios
between the IFN-� and IL-5 concentrations are reported as medians
and 75th percentiles. *, P � 0.05; **, P � 0.01.
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term infants is mature enough to mount T-cell responses.
Interestingly, these responses already were detectable in some
infants very early, i.e., at 3 months of age, in contrast to the
humoral immune responses that were detectable only in
6-month-old infants who received the Pa vaccine. However, the
cellular immune responses probably are only very transiently
present among circulating PBMC, as they were not always
detected at both 3 and 6 months of age for the same infants.
The antigen-specific IFN-�-producing cells most probably rap-
idly reach the lymph nodes. The IFN-� responses to FHA and
PTX were well correlated, so that infants most often re-
sponded either to both antigens or to neither of them. Impor-
tantly, we found no influence of the treatment often administered
to preterm infants (corticosteroids and immunoglobulins) on
their capacity to develop an antigen-specific IFN-� response to
the vaccine administration. We also found no association be-
tween the cellular immune response to the vaccine and the
birth weight of the infant or the early occurrence of severe
infections.

Pa-vaccinated infants also produced antigen-specific Th2-
type cytokines, similarly to previously reported data for vacci-
nated full-term infants (13), resulting in a lower antigen-spe-
cific IFN-�/IL-5 balance in the Pa-vaccinated compared to the
Pw-vaccinated infants. In Pa-vaccinated infants, the IL-5 and
IFN-� secretions were well correlated, indicating that nonre-
sponder infants did not secrete any of these two cytokines in
response to FHA or PTX. We found no association between
this nonresponder status and any of the treatments received by
the infants (such as corticosteroids or immunoglobulins) or
their birth weight, supporting the recommendation that pre-
term infants should be vaccinated at their chronological age
even if they require special medical treatments.

We conclude that the administration of the first three doses
of either a Pa or a Pw vaccine in preterm infants at their
chronological age is able to induce in more than 50% of infants
a strong cellular response to B. pertussis antigens. In addition,
preterm infants vaccinated with a Pa vaccine mount PTX- and
FHA-specific antibody responses that are not seen in Pw-vac-
cinated preterm infants. However, we cannot exclude that the
development and persistence of memory immune responses in
these infants is impaired, requiring earlier booster administra-
tions in these infants, as suggested by Esposito et al. (6). There-
fore, the follow-up of these children is under way to determine
whether B. pertussis-specific cellular immune responses still
will be detectable in 13- and 15-month-old children before and
after the administration of a vaccine booster dose.
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