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The relative value of antibodies and/or T-cell immune responses to Bordetella pertussis antigens in the
immunity induced by acellular pertussis (aP) vaccines is still an open issue, probably due to the incomplete
knowledge on the mechanisms of protective immunity to pertussis. The relevance of T-cell immune responses
in protection from pertussis has been demonstrated in murine and human models of infection; thus, in this
study, the ability of different vaccine preparations of three component (pertussis toxin, filamentous hemag-
glutinin, and pertactin) aP vaccines to induce T-cell responses was investigated in mice. All vaccine prepara-
tions examined passed the immunogenicity control test, based on antibody titer assessment, according to
European Pharmacopoeia standards, and protected mice from B. pertussis intranasal challenge, but not all
preparations were able to prime T cells to pertussis toxin, the specific B. pertussis antigen. In particular, one
vaccine preparation was unable to induce proliferation and gamma interferon (IFN-�) production while the
other two gave borderline results. The evaluation of T-cell responses to pertussis toxin antigen may provide
information on the protective immunity induced by aP vaccines in animal models. Considering the critical role
of the axis interleukin-12–IFN-� for protection from pertussis, our results suggest that testing the induction
of a key protective cytokine such as IFN-� could be an additional tool for the evaluation of the immune
response induced by aP vaccines.

Pertussis is a vaccine-preventable respiratory disease which
affects infants and children and is still an important cause of
morbidity and mortality in many parts of the world (10). Bor-
detella pertussis is also a recognized agent of respiratory disease
in adolescents and adults (12, 20, 25). The epidemiology of
pertussis is not well defined because of the broad spectrum of
clinical manifestations. While in infants and children pertussis
is characterized by paroxysmal cough, whooping cough, and
posttussive vomiting, in adolescents and adults clinical symp-
toms are atypical and often manifest as protracted cough (42).

Clinical trials have demonstrated that acellular pertussis
(aP) vaccines, formulated with different combinations of the
putative protective antigens of B. pertussis such as pertussis
toxin (PT), filamentous hemagglutinin (FHA), pertactin (PRN),
and fimbriae confer protection against whooping cough (15,
19). Thus, these vaccines are increasingly replacing the more
reactogenic whole-cell (wP) vaccines, particularly for their use
as booster doses (12).

The mechanisms underlying protection conferred by aP vac-
cines is still a matter of debate (15, 19, 36). In particular the
relative value of antibodies (Ab) and/or T-cell mediated im-
mune (CMI) responses to B. pertussis antigens in the mecha-
nisms of the persistent immunity associated with the new aP
vaccines is still an open issue, probably due to the incomplete

knowledge on the mechanisms of immunity to pertussis (3, 14,
36, 40, 44, 47). The immunogenicity studies performed within
the clinical trials did not demonstrate a satisfactory correlation
between the presence of Ab to the vaccine antigens and the
efficacy of the aP vaccines (1, 23). However, Ab response
against PRN, fimbriae, and PT may be associated with protec-
tion (16, 43). Moreover, many studies indicate that humoral
immunity alone is not sufficient to confer long-term protection
against B. pertussis infection and that protection against B.
pertussis requires CMI as well as humoral immunity (4, 5, 36,
44).

Using a murine model of infection, it has been demonstrated
that adoptive transfer of CD4� T cells from immune mice
confers protection from B. pertussis challenge in the absence of
detectable Ab response (34) but also passive Ab transfer pro-
tected mice from B. pertussis infection (27). Protection induced
with wP or aP vaccines persists after disappearance of specific
serum immunoglobulin G (27, 30) and T cells involved in CMI
response produce several cytokines that exert a strong regula-
tory influence on Ab isotype and on activity of macrophages
and polymorphonuclear cells (36). Furthermore, some studies
have suggested that intracellular survival of B. pertussis is a
mechanism for persistence within the respiratory tract (22, 41).
These and other data (7, 13, 37) indirectly support the rele-
vance of CMI in protection from pertussis.

The ability of aP vaccines to induce Ab responses to their
antigenic constituents in mice is the main assay for the control
of the immunogenicity of the vaccine preparations (21, 31, 33);
however, it does not assess efficacy, as underlined above, but
consistency in the production of different vaccine lots.

Murine respiratory infection models with B. pertussis chal-
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lenge, either by intranasal instillation or by aerosol delivery,
have been proposed by several groups as reliable assays to
measure the activity of aP vaccines (11, 24, 35, 46). Some
vaccine manufacturing companies have adopted this assay as a
premarket assay, in parallel with the immunogenicity assay
(17).

In a previous study (32), an in vitro-proliferation assay was
performed in aP-vaccinated mice to assess the ability of the
vaccines to induce lymphocyte proliferation in response to B.
pertussis antigens. Considering the relevance of CMI in per-
tussis protection, in the present study we investigated whether
CMI assessment might provide complementary information to
the immunogenicity assay and to protection in the mouse in-
tranasal model, thus allowing a more complete evaluation of
the protective immune response induced by aP vaccines.

MATERIALS AND METHODS

Mice. In evaluating the immunogenicity of aP vaccine preparations, outbred
CD1 and inbred BALB/c mice are routinely used in order to analyze the immune
response in high or low genetically variable mice (21), and thus in this study two
mouse strains were used (female CD1 and BALB/c). The mice were commer-
cially obtained (Charles River S.p.A., Milan, Italy) and maintained under patho-
gen-free conditions. All mice were 6 to 8 weeks old at the beginning of the
experiments.

Immunization and vaccines. Groups of CD1 and BALB/c mice were immu-
nized intraperitoneally (38) at 0 and 3 weeks with one-half a human dose of
three-component (PT, FHA, and PRN) aP vaccine preparations from Glaxo
SmithKline Beecham Biologicals (GSK) (Rixensart, Belgium) or Chiron Biocine
(CB) (Siena, Italy). In preliminary experiments performed in outbred CD1 mice,
the dose of vaccine was found to be optimal, because it minimized the in-
tramouse variability (32). Each vaccine contained inactive PT, FHA, and PRN.
In particular, aP from CB contained 2.5 �g of FHA, 2.5 �g of PRN, and 5 �g of
genetically inactivated PT. aP from GSK contained 25 �g of FHA, 8 �g of PRN,
and 25 �g of formalin-glutaraldehyde-inactivated PT.

All vaccine preparations were kindly provided by the manufacturers as com-
bined diphtheria-tetanus-pertussis (aP) formulations, adsorbed to alum.

Antigen and mitogen. PT, FHA, and PRN purified proteins (donated by CB)
were used as antigens in CMI assessment. To avoid any potential mitogenicity,
they were heat inactivated (96°C, 1 h). Heat-killed B. pertussis (strain 18323,
ATCC 9797, agglutinogen 1,3) was also used as an antigen. Concanavalin A
(ConA) (Sigma, St. Louis, Mo.) was used for mitogenic stimulation.

B. pertussis intranasal infection. Culture of B. pertussis 18323, grown on Bor-
det-Gengou agar, was suspended in physiological saline containing 1% casein
and was used to infect mice 2 weeks after the second immunization. Fifty
microliters (5 � 106 CFU) of B. pertussis was instilled intranasally in mice under
light anesthesia. Groups of four animals were killed by cervical dislocation after
2 h or at various time points. The lungs were rapidly removed and homogenized
in physiological saline containing 1% casein. Serial 10-fold dilutions of the
homogenates were used to determine CFU on Bordet-Gengou agar plates after
3 to 4 days of incubation at 36°C. The limit of detection of the assay was
approximately log10 0.5 CFU per lung.

Proliferation and gamma interferon (IFN-�) assays. CMI responses were
measured by assessing proliferative responses of splenic lymphocytes induced by
B. pertussis antigens (2). Mouse spleens from naive and immunized mice were
removed and homogenized to obtain a single-cell suspension and depleted of
erythrocytes by treatment with Tris-ammonium chloride (9). The cells were
washed and cultured at 2 � 106/ml in RPMI 1640 medium with L-glutamine
supplemented with 10% nonmitogenic prescreened heat-inactivated fetal calf
serum, 1% penicillin, and 1% streptomycin. Proliferation was measured by using
4 � 105 cells/well in 0.2 ml of complete medium, in triplicate, in 96-well flat-
bottom trays (Falcon, Becton Dickinson, Lincoln Park, N.J.) in the presence of
the predetermined optimal doses of heat-inactivated PT (5 �g/ml), PRN (10
�g/ml), FHA (20 �g/ml) and with heat-killed B. pertussis whole cells (107/ml).
Mitogenic response was measured using ConA (2 �g/ml). The cultures were
harvested after 5 or 2 days for antigenic or mitogenic stimulation, respectively.
[methyl-3H]thymidine (specific activity, 2.5 Ci/mmol; Amersham TRK120) was
added to the culture at a final concentration of 0.5 �Ci/well, 18 h before cell
harvesting with a semiautomatic harvester (Pharmacia, Uppsala, Sweden). DNA
synthesis was evaluated by counting [3H]thymidine incorporation with a �-plate

counter (Perkin-Elmer/Applied Biosystems, Foster City, Calif.). Data are shown
as stimulation index (SI), i.e., the ratio between counts per minute of the antigen-
stimulated lymphocyte cultures and those of the unstimulated ones. The counts
per minute of unstimulated cultures of spleen cells from the mice under study
was 0.2 � 0.06 (mean � standard error [SE]). The SE of the counts per minute
values of triplicate cultures was below 10%. A CMI proliferative response was
considered positive when the SI was greater or equal to 4.

To measure IFN-�, spleen cells (2 � 106/ml) from naive and immune mice
were cultured in the presence of heat-inactivated PT (5 �g/ml), ConA (2 �g/ml),
or medium alone. Supernatants were collected after 48 h, and IFN-� concentra-
tions were determined by enzyme-linked immunosorbent assay (ELISA) (Endo-
gen Inc., Woburn, Mass.). ELISA sensitivity was 2 pg/ml. Results represent
picograms of IFN-� per milliliter obtained in stimulated and unstimulated
splenocytes pooled from groups of three mice.

Statistical analysis. The statistical significance of differences between results
from different groups was examined by Student’s t test. The results of B. pertussis
intranasal infection were analyzed by the parallel-line assay. Statistical analysis
was performed using the SPSS statistical software (version 10.0).

RESULTS

Even if Ab levels for each specific antigen were different
depending on the vaccine used, all vaccines in this study passed

FIG. 1. Kinetics of B. pertussis clearance from lungs of intranasally
challenged unvaccinated mice (NT) or mice vaccinated with aP vaccine
preparations. Groups of CD1 (A) or BALB/c (B) mice were immu-
nized i.p. at 0 and 3 weeks with one-half a human dose. Two weeks
after completion of vaccination, mice were challenged with B. pertussis
18323 and CFU counts were performed on individual lung homoge-
nates on the indicated days. Results are means � SE (error bars) of
viable B. pertussis counts from four mice per group at each time point.
The results are representative of three experiments performed. The
limit of detection of the assay was approximately log10 0.5 CFU per lung.
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the criteria of the standard immunogenicity assay performed
both by manufacturers and official control authorities (data not
shown) according to European Pharmacopoeia standards (21).

In the experiments performed in this study, no substantial
differences were observed in the performance of either the
GSK (two vaccine preparations studied) or CB (four vaccine
preparations studied) aP vaccines; thus, the results are re-
ported per single vaccine preparation without specifying the
manufacturer.

In order to verify the presence of Ab response to pertussis
antigens in our experimental setting, sera of immunized and
control mice were collected after the completion of the immu-
nization schedule, i.e., after two immunizations. All vaccine
preparations induced high serum immunoglobulin G Ab re-
sponses when assessed by the recommended method (21, 31),
and the two-dose schedule induced an overimmunization in all
mice (data not shown).

Protection in mouse intranasal challenge. The clearance of
the virulent B. pertussis 18323 strain from the lung induced by
vaccination in groups of CD1 and BALB/c mice, was deter-
mined for three out of six vaccine preparations under study. As
shown in Fig. 1A, a mean of 105 CFU were counted in the lung
of unvaccinated mice starting from day 0 (2 h after challenge)

till day 7 postchallenge. A high level of infection persisted till
day 10. On the contrary, CD1 mice immunized with different
aP vaccine preparations showed an early decline in bacterial
load by day 3 after challenge but failed to eliminate the bac-
teria up to day 10. As shown in Fig. 1B, CFU counted in the
lung of unvaccinated BALB/c mice showed a similar pattern as
in CD1 mice; even if, at day 0, CFU counts were higher in
BALB/c than in CD1 mice. At day 9 (BALB/c) and day 10
(CD1) CFU counts were comparable in the two strains of mice.
Immunization of BALB/c with vaccine 2 or vaccine 3 conferred
a complete bacterial clearance by day 9 after challenge, even if
kinetics of B. pertussis clearance induced by vaccine 2 was
delayed compared to clearance induced by vaccine 3 (for day 9
versus day 5, differences were not statistically significant [Fig.
1B]). A group of mice vaccinated with 1/10 of the vaccine dose
of vaccine 3 was included in order to mimic a less-protective
vaccine and to measure the sensitivity of the assay (vaccine 3
versus vaccine 3 1:10, P � 0.03) (Fig. 1B).

Differences in kinetics of bacterial clearance between CD1
and BALB/c mice may be related to different genetic back-
ground of the two strains of mice as already suggested by
Barnard et al. (8).

FIG. 2. Lymphoproliferative response from immune CD1 (A) or BALB/c mice (B) was assessed at 15 (black bars) and 30 (grey bars) days after
completion of the immunization schedule. Spleen cells (2 � 106/ml) were stimulated in vitro with the indicated antigens, as detailed in Materials
and Methods. DNA synthesis was measured after 5 days by counting [3H]thymidine incorporation (counts per minute, 103). Results are mean
values of SI obtained from three mice per group assessed individually and are representative of three experiments performed. The counts per
minute (mean � SE) of unstimulated cultures of spleen cells from the mice under study was 0.2 � 0.06. The threshold of positive proliferative
response is shown (SI � 4).
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Proliferative response of spleen cells from immunized mice.
Considering that induction of T-cell response to B. pertussis
antigens constitutes a relevant feature of pertussis vaccine im-
munogenicity, the ability of the six preparations of aP vaccines
to induce lymphoproliferative responses was evaluated. Figure
2 shows the results of lymphocyte proliferation to PT, PRN,
and FHA antigens in CD1 (Fig. 2A) and to PT, PRN, and B.
pertussis antigens in BALB/c mice (Fig. 2B), measured at 15
and 30 days after the completion of vaccine schedule. Three
preparations of aP vaccine—vaccine 1 and vaccine 6 (Fig. 2A)
and vaccine 3 (Fig. 2B)—gave a high lymphoproliferative re-
sponse to all antigens tested in CD1 (Fig. 2A) or BALB/C (Fig.
2B) mice. Vaccines 4 and 5 were able to induce a borderline
response to PT and a positive proliferation to the other anti-
gens (Fig. 2A), whereas vaccine 2 was not able to elicit a
detectable response to PT either in CD1 (Fig. 2A) or BALB/c
(Fig. 2B) mice. The SI of spleen cells from unvaccinated mice
was below 4 when cultured in the presence of PT, PRN, and
FHA antigens (data not shown).

IFN-� induction by PT-treated spleen cells from immune
mice. Considering that only PT, the specific antigen of B.
pertussis, was able to discriminate the ability of vaccine prep-
arations to induce proliferation of T cells, only the ability of PT
to induce IFN-�, a protective Th1 cytokine in pertussis, was
tested in spleen cell cultures of untreated and immunized mice.
Table 1 shows the level of IFN-�, measured in the supernatant
of splenocytes obtained 15 days after completion of vaccination
and stimulated with PT. The results obtained paralleled those
of proliferative assays. PT-stimulated lymphocytes from CD1
or BALB/c mice vaccinated with vaccine 1, vaccine 3, or vac-
cine 6 secreted elevated amounts of IFN-�. PT-stimulated lym-
phocytes from CD1 mice vaccinated with vaccine 4 were able
to induce low levels of the cytokine, whereas PT-stimulated
lymphocytes from mice vaccinated with vaccine 2 or vaccine 5
were unable to induce IFN-� release in CD1 (both vaccine
preparations were tested) or in BALB/c (vaccine 2 only was
tested). Elevated levels of IFN-� were measured in superna-
tants of ConA-stimulated lymphocytes from all mice studied.

DISCUSSION

Immunogenicity studies performed within clinical trials have
shown that there is no clear correlation between the presence
of Ab to pertussis antigens and protection from disease (1, 23,
36). Thus, the Ab response, and in particular the assessment of
the Ab binding to antigens, may not be sufficient to assure the
potency of aP vaccine preparations in animal models. More-
over, measurement of Ab elicited by test vaccines gives infor-
mation only on the consistency of the vaccine production and
not necessarily on the ability of the vaccine to protect from B.
pertussis infection.

It is widely accepted that the method applied to wP vaccines
to evaluate the potency of vaccine lots is inappropriate for the
evaluation of acellular formulations (26). In particular, the
conventional intracerebral mouse protection test has not been
found to predict clinical performance when applied to aP vac-
cines (13).

To overcome these problems, a mouse intranasal challenge
model has been proposed (11, 24, 35, 46). This method was
able to discriminate among aP vaccines that showed a different
efficacy in clinical trials (24, 35) and to reveal differences be-
tween the mouse lung clearance activities of bi- or tri-compo-
nent aP pertussis vaccines (24). Furthermore, as also shown in
our results, this method was able to discriminate between the
lung clearance induced by vaccination with 1/10 of a vaccine
dose and with the full dose. An international collaborative
study group is now working to formulate recommendations
and guidelines for manufacturers to use this method as a pos-
sible assay to contribute to the determination of the potency of
aP vaccines (17, 18).

The specific goal of this study was to evaluate the CMI in
mice to better understand the immunogenicity mechanisms
induced by aP vaccines. Growing evidence suggests a relevant
role of CMI in protection induced by antipertussis vaccines in
children (3, 14, 36, 40, 47). As parameters of CMI responses,
two assays were chosen: the T-cell proliferation assay and an
assessment of Th1 cytokine IFN-� by ELISA.

Th1 cytokines are associated with protection in various B.
pertussis infection models, and in particular, in humans, pro-
tection from pertussis after infection or vaccination is deter-
mined by the presence or by the induction of Th1 cytokines
such as interleukin-12 (IL-12) and IFN-� (3–6, 14, 39, 40).

Also, in mice the clearance of B. pertussis or protection
induced by wP vaccines is dependent on the production of
appropriate Th1 cytokines. Mills and coworkers demonstrated
the induction of elevated amounts of IFN-� after vaccination
with wP vaccines in mice, particularly when lymphocytes were
activated by killed B. pertussis (35, 38). These authors showed
also that protection induced by aP vaccines was associated with
the secretion of Th2 cytokines, such as IL-5 (35, 38). But,
depending on the mouse strain and on the antigen used to
activate lymphocytes, appreciable amounts of IFN-� were also
induced by aP vaccines (35). In addition, the same authors also
describe a contribution of IL-12 in vaccine efficacy in the case
of aP vaccines (28). Therefore, we thought it would be relevant
to measure IFN-� induction in aP-vaccinated mice, a param-
eter which could be also used to measure the efficacy of wP cell
vaccines.

The results obtained indicate that aP vaccine preparations

TABLE 1. IFN-� secretion induced by PT in spleen cells
from vaccinated micea

Mouse
strain

aP vaccine
preparation

IFN-� induced by spleen cells (pg/ml)

Treated with:
Untreated

PT ConA

CD1 Vaccine 1 2,470 827 38
CD1 Vaccine 4 35 809 5
CD1 Vaccine 2 6 1,779 11
CD1 Vaccine 5 0 869 0
CD1 Vaccine 6 200 875 25
CD1 Unvaccinated 12 2,071 6
BALB/c Vaccine 2 0 859 0
BALB/c Vaccine 3 480 1,890 11
BALB/c Unvaccinated 5 366 0

a Production of IFN-� by spleen cells from immune mice in response to PT
antigen. Spleen cells from unvaccinated or immune CD1 and BALB/c mice
(taken 15 days after the completion of vaccination) were cultured with PT (5
�g/ml), ConA (2 �g/ml), or unstimulated (untreated) cells. Supernatants were
removed after 48 h and assayed by ELISA. Results were obtained in splenocytes
pooled from groups of three mice and are taken from one experiment represen-
tative of two performed.
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which had previously passed the routine immunogenicity test
and were able to induce the clearance of B. pertussis from the
lungs, following intranasal challenge in mice, may behave dif-
ferently when inducing a CMI response. Indeed, one vaccine
preparation was unable and the other two showed a borderline
ability to prime mouse T cells to proliferate and to induce
IFN-� secretion when cultured in the presence of PT, the
essential constituent of all aP vaccines. These results were in
part supported by the results obtained in a recent study on the
evaluation of efficacy of Japanese Biken and Takeda aP vac-
cines. The authors did not find a correlation between the pro-
tective effects induced by aP vaccine preparations, measured
by respiratory infection protection test, and CMI responses
(45).

In conclusion, the results of this study showed that immuni-
zation with aP vaccine preparations may not induce an equal
CMI response to B. pertussis antigens in mice, especially to PT,
which is a critical requirement for long-lasting protection (5, 6,
14, 30). The differences in CMI induction cannot be ascribed to
specific vaccine formulation, such as differences in PT inacti-
vation or in protein contents, because the same proportion of
vaccine preparations studied, produced either by GSK or CB,
was able to induce a positive CMI response. Whether and to
what extent this observation is relevant to the assessment of
protective capacity of the vaccine preparations in children is
not clear at the moment, also in consideration of the low
number of vaccine preparations tested.

Considering the critical role of the axis IL-12–IFN-� for
protection from pertussis (28, 29, 36), our results suggest that
testing the induction of IFN-�, as a parameter of CMI re-
sponses, could be an additional tool for the evaluation of the
immune response induced by aP vaccines. As in the case of the
intranasal protection assay, a working group including control
laboratories, manufacturers, and research groups could be es-
tablished to set up and standardize the IFN-� assay and deter-
mine parameters of acceptance for aP vaccine preparations.

ACKNOWLEDGMENTS

We thank Antonio Cassone (Istituto Superiore di Sanità, Rome,
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