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Background. Because adolescents and adults act as a primary source of pertussis infection for infants,
vaccination of mothers immediately postpartum is a potential strategy to reduce transmission (cocoon strategy).
For this to be effective, high levels of antibodies must be achieved rapidly after vaccination. We sought to determine
whether the antibody response to tetanus-diphtheria-acellular pertussis vaccine (Tdap) is sufficiently rapid to
support the cocoon strategy.

Methods. Two sequential studies were performed. The first was a nonrandomized, open study of a 5-pertussis-
component Tdap vaccine (tetanus toxoid, diphtheria toxoid, pertussis toxoid [PT], filamentous hemagglutinin
[FHA], fimbriae types 2 and 3 [FIM], and pertactin [PRN]) given to women of childbearing age; the second was
a randomized, open study of Tdap or no vaccine in postpartum women. Serum levels of immunoglobin (Ig) G and
IgA against pertussis antigens, serum levels of IgG against diphtheria and tetanus, and breast milk levels of IgA
against pertussis antigens were measured at various times after vaccination.

Results. In both studies, the antibody response was relatively rapid, with serum IgG and IgA levels beginning to
increase noticeably by days 5-7 and approaching peak levels by day 14. Greater than 68% and 84.4% of IgG and IgA
responders, respectively, achieved =90% of their maximum titer by day 14. The diphtheria and tetanus antibody
kinetics followed a similar time course. Breast milk levels of IgA against PT, FHA, and FIM were first detectable at
day 7, peaked by day 10, and then slowly decreased through day 28. Antibodies against PRN showed a similar
response, although the peak occurred at day 14. There were no significant antibody responses in the control group.

Conclusions. Although the antibody response to a dose of Tdap in healthy nonpregnant women of child-
bearing age and postpartum women occurs by day 14 and is suggestive of an anamnestic immune response, it may
not be sufficiently rapid to protect infants in the first weeks of life.
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Pertussis (whooping cough) is a highly transmissible
bacterial respiratory illness caused by Bordetella pertussis
[1-5]. After the introduction and widespread use of
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pertussis vaccine in the 1940s, the incidence of reported
pertussis decreased by >95% by the 1980s [6]. Over the
past 25 years, however, pertussis rates have increased
steadily, despite high childhood vaccination rates [1, 7].
Although much of this increase has been among ado-
lescents and adults [7-10], pertussis incidence continues
to increase among young infants, in whom much of
the morbidity and all the mortality occur [1-3]. Canada
and the United States, along with other developed
countries, have reported a significant shift in morbidity
toward infants <6 months of age [1-4, 11-14]. Parents
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(particularly mothers) and siblings have been cited as the most
common sources of infection [2, 3, 5].

A variety of strategies have been proposed for protecting the
newborn. Vaccinating the mother has the potential benefit of
boosting maternal protection and, thus, decreasing the likeli-
hood of maternal acquisition and transmission of infection to
the susceptible newborn [5, 15, 16], the so-called cocooning
effect. In a modeling study, cocooning was predicted to lead to
a 9%-17% reduction in adult pertussis cases and a decrease of
70%, 65%, and 69% in cases among persons aged 0—3 months,
4-23 months, and 24 years, respectively [17]. Vaccinating
women against pertussis during pregnancy or immediately post-
partum may induce antibodies that can be transferred through
the placenta to the fetus before birth or may induce specific
secretory antibodies in breast milk that can be transferred through
the milk to the newborn, providing passive protection against
pertussis before the infant is protected by active vaccination.

These 2 sequential studies assessed whether the antibody re-
sponse to adult-formulation tetanus-diphtheria-acellular per-
tussis vaccine (Tdap) is sufficiently rapid in healthy women
of childbearing age to support the cocooning strategy. The
kinetics of the antibody response to vaccination with Tdap
was also assessed in postpartum women to determine whether
a rapid increase in maternal serum levels is sufficient to achieve
the transfer of antipertussis antibodies into breast milk.

METHODS

Study Design and Population

Two studies with different designs comprise this report. The first
study was a nonrandomized, open study of the kinetics of the
immune response to Tdap in women of child-bearing age.
Healthy women 18-35 years of age were recruited in Halifax,
Nova Scotia. Women were excluded if they had a history of
a significant medical condition; were pregnant; were receiving
immunosuppressive therapy; had a history of physician-diagnosed
or laboratory-confirmed pertussis in the preceding 5 years;
had received blood products or immunoglobulin within the
preceding 3 months; had received a tetanus-, diphtheria-, or
pertussis-containing vaccine in the preceding 5 years; or had
received any vaccines within 2 weeks before enrollment. The
second study was a randomized, open clinical trial of Tdap or
no vaccine in postpartum women. In the second study, healthy
women with an uncomplicated pregnancy were recruited in the
third trimester from perinatal clinics of the IWK Health Centre
and physicians’ offices in the Halifax metropolitan area. Ex-
clusion criteria for the second study were identical to the first,
with the addition of any known fetal abnormalities. All par-
ticipants provided written informed consent to participate; both
studies were approved by the IWK Health Centre Research Ethics
Board.

Vaccine

The licensed, adult-formulation Tdap (Adacel, Sanofi Pasteur)
was used. Each 0.5-mL dose contained tetanus toxoid (5 limits
of flocculation [Lf]), diphtheria toxoid (2 Lf), pertussis toxoid
(PT; 2.5 pg), filamentous hemagglutinin (FHA; 5 pg), pertactin
(PRN; 3 pg), fimbriae types 2 and 3 (FIM; 5 pg), aluminum
phosphate (1.5 mg), and 0.6% of 2-phenoxyethanol.

Study Procedures

In the first study, after a medical history, history-directed phy-
sical examination, and negative result of a urine pregnancy test,
5 mL of blood was collected by venipuncture. A single 0.5-mL
dose of Tdap was administered as an intramuscular injection
into the deltoid muscle. Additional serum specimens were col-
lected on days 1, 2, 3, 5, 7, 14, and 28 after vaccination. In the
second study, women were recruited during the third trimester
of pregnancy and were visited within 24 hours of delivery. At this
visit, 1 mL colostrum (if present) and 5 mL of blood were col-
lected, and participants were randomly allocated in a 4:1 ratio to
receive a single 0.5-mL dose of Tdap or no vaccine. Additional
colostrum or breast milk and blood samples were collected 7, 10,
14, and 28 days after vaccination.

Safety and Immunogenicity Monitoring

Serious adverse events and unanticipated contacts with a health-
care provider were recorded for the 28 days after vaccination.
Serum samples were collected with a Vacutainer (BD-Canada);
colostrum or breast milk was expressed and collected. Breast milk
and serum samples were stored at —80°C until assayed. Anti-
bodies were measured by enzyme immunoassays using stan-
dard methodology at the Canadian Center for Vaccinology in
Halifax. Serum levels of immunoglobin (Ig) G against pertus-
sis toxin (PT), filamentous hemagglutinin (FHA), pertactin
(PRN), and fimbriae types 2 and 3 (FIM) were reported as
enzyme-linked immunosorbent assay (ELISA) units (EU) per
milliliter with use of Food and Drug Administration—provided
serum samples as the reference standard [18]. Serum tetanus
and diphtheria IgG levels were reported as international units
(IU) per milliliter. Breast milk levels of IgA against PT, FHA,
PRN, and FIM were measured using enzyme immunoassay and
were reported as a ratio of antigen-specific antibody to total
breast milk IgA and expressed as EU per milligram total IgA.

Data Analysis and Statistical Considerations

The primary objective of the first study was to determine the
rapidity of the serum antibody response after a single dose of
Tdap and to determine the optimal time to measure antibody
after vaccination for the second study in postpartum women.
The primary objective of the second study was to determine
whether antibodies against pertussis antigens are transferred
into the breast milk in measurable quantities and to confirm that
the antibody response to Tdap was of sufficient degree and
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rapidity to provide protection to the mother during the post-
partum period. The rapidity of the immune response was
evaluated by measuring the time at which serum and breast milk
antibody levels increased to greater than baseline levels and the
proportion of responders who achieved 90% of the maximum
antibody level in serum by day 14. Geometric mean antibody
titers (GMTs) and exact 95% confidence intervals (CIs) were
calculated for tetanus and diphtheria in serum samples and for
PT, FHA, PRN, and FIM in serum and breast milk samples. The
proportions (and 95% Cls) of participants achieving serum
antitetanus and antidiphtheria titers =1.0 IU/mL were also
calculated. For the pertussis antigens, the proportions (and 95%
Cls) of participants achieving a =4-fold increase in serum an-
tibody levels after vaccination relative to prevaccination levels
were calculated.

No formal sample size calculation was performed for these
descriptive and exploratory studies. A sample size of 30-50
participants per study was deemed to be sufficient to determine
the kinetics of the immune response, based on the high rate of
immune response to Tdap vaccine in this age group [19, 20].

RESULTS

Demographic Characteristics

Thirty healthy women 21-35.9 years of age (mean age, 27.9
years) were enrolled over 3 weeks in the first study. In the second
study, 50 women 20—41 years of age were enrolled over 8 months
and randomized in a 4:1 ratio to receive Tdap or no vaccine. The
mean age of the 40 Tdap recipients was 29.7 years (range, 21-41
years), and the mean age of the 10 unvaccinated control women
was 31.3 years (range, 20-37 years). All participants in the first
study and 45 of 49 (91.8%) in the second study were white.

Serum Antibody

In the first study, healthy women of childbearing age developed
detectable serum IgG to all pertussis antigens by days 5 (PT and
FIM) to 7 (FHA and PRN), reaching a peak by day 14 (Figure 1).
A similar serum IgA response was elicited to all pertussis anti-
gens except anti-PT IgA (Figure 1A). The kinetics of the diph-
theria and tetanus antitoxin responses were similar to those
of the pertussis antigens, achieving levels of 1.0 IU/mL by
approximately day 7 and peak levels by day 14 (Figure 1E).

In the second study, conducted in postpartum women, ma-
ternal serum IgG levels for tetanus, PT, FIM, and PRN were
statistically significantly higher on day 7 (P < .05) compared
with those for control participants. For diphtheria and FHA
antibodies, Tdap recipients had significantly higher antibody
levels than did control participants by day 10. Serum IgG levels
for all antigens approached peak levels by day 10 and remained
at these levels through day 28 (Figure 2). Serum IgA responses in
Tdap recipients followed a similar pattern, with FHA, PRN, and

FIM antibody levels being significantly higher in Tdap recipients
than in control subjects on day 7 and PT antibody levels sig-
nificantly higher in Tdap recipients than in control subjects by
day 10. IgA approached peak levels by day 10; however, in Tdap
recipients, IgA responses to all antigens began to noticeably de-
crease between days 14 and 28. Serum IgA responses against PT
in the postpartum women were slightly increased (Figure 2A),
in contrast to the somewhat elevated and nonincreasing levels
in the women of childbearing age in the first study. There was no
significant serum IgG or IgA response to any of the pertussis
antigens in the unvaccinated control group. In Tdap recipi-
ents, diphtheria and tetanus antibody responses were similar
to those of the pertussis antigens, with levels of 1.0 IU/mL reached
by day 7 for tetanus and day 10 for diphtheria and remaining at
these levels through day 28; there was no significant diphtheria
and tetanus antitoxin response in the unvaccinated control group
(Figure 2E).

In the first study, conducted in women of childbearing age, in
those women who had an antibody response, levels of IgG to
PRN, FIM, tetanus, and diphtheria increased more quickly than
did levels of antibody to PT and FHA (92%, 89.7%, 96.7%, and
92.3% achieved 90% of their maximum IgG levels by day 14,
compared with 68.0% and 74.1%, respectively) (Table 1). For
IgA, 92.3%-100% of women achieved 90% of their maximum
antibody levels by day 14. The proportion of postpartum women
achieving 90% of their maximum antibody levels by day 14 was
similar for all pertussis antibodies (Table 1).

More than 83.3% of participants in both studies achieved
=4-fold IgG responses to all antigens (Table 1). The proportion
of women with =4-fold serum IgA responses was lower than
the proportion with similar IgG responses, particularly against
PT and FHA (Table 1). All participants in study 1 and 95% of
Tdap recipients in study 2 had antitetanus antibody levels
>1.0 IU/mL; 86.7% and 67.5% of participants in studies 1
and 2, respectively, achieved antidiphtheria antibody levels
>1.0 IU/mL.

Breast Milk Antibody

Breast milk IgA levels in Tdap recipients were already greater
than those in unimmunized women by day 7 after vaccina-
tion. Breast milk levels of IgA against PT peaked on day 10,
then slowly decreased through day 28. Breast milk levels of
antibodies against FHA and FIM reached a plateau during
days 10-14 and then slowly decreased. Breast milk levels of
antibody against PRN peaked later on day 14 and then de-
creased by day 28 (Figure 3).

DISCUSSION

The increase in pertussis and pertussis-related deaths among
young infants in many countries [1, 4, 16, 21-25] suggests that
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Figure 1. Geometric mean serum levels of immunoglobin (Ig) G (solid lines) and IgA (long dashed lines) antibody against pertussis toxoid (A), filamentous

hemagglutinin (B), pertactin (C), and fimbriae 2 and 3 (D) before vaccination (day 0) and on days 1, 2, 3,5, 7, 14, and 28 after vaccination with tetanus-diphtheria-

acellular pertussis vaccine in women of child-bearing age. £, Antibody respon

additional strategies are required to protect infants before they
complete their primary immunization series at 6 months of
age. These studies explored the kinetics of the antibody re-
sponse after Tdap vaccination in women of childbearing age
and in postpartum women and show that postpartum per-
tussis vaccination efficiently increases maternal antibody levels
and results in antipertussis antibodies in breast milk by 1-2
weeks after vaccination. Postpartum vaccination could there-
fore potentially provide temporary indirect protection
(through the mother) and direct protection (through breast
milk) for the infant from 2 weeks of age. However, the

ses against diphtheria (dotted lines) and tetanus (dashed lines) toxoids.

temporality of the response suggests that the infant would not
be protected by this strategy until at least 2 weeks of age.
Because of the 7-21-day incubation period of pertussis and the
frequency of deaths in infants up to 6 weeks of age, it is clear
that protection during this 2-week postpartum period is crit-
ical. Although postpartum vaccination could be a component
of a public health strategy to protect infants, it would need to
be supplemented by educational strategies about avoiding re-
spiratory illness exposures and other infection control meas-
ures. The need for an immunization strategy that provides
direct infant protection is clear.
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Figure 2. Geometric mean serum levels of immunoglobin (Ig) G (solid lines) and IgA (long dashed lines) antibody against pertussis toxoid (A),
filamentous hemagglutinin (B), pertactin (C), and fimbriae 2 and 3 (D) in postpartum women before vaccination (day 0) and on days 7, 10, 14, and 28 after
vaccination with Tdap (filled squares) and in unvaccinated (filled circles) postpartum women. £, Antibody responses against diphtheria (dotted line) and
tetanus (dashed lines) toxoids in postpartum women vaccinated with Tdap (filled squares) and in unvaccinated postpartum women (filled circles).

The results of our 2 studies reveal that the increase to peak

antibody levels requires 1-2 weeks. This is a significant finding

because most women of childbearing age have low levels of

antibodies to childhood diseases, including pertussis, and are

thus unable to transfer substantial antibody to the fetus in the

weeks before birth. Although pertussis antibodies are actively

transported across the placenta [26, 27], low maternal levels

would not be expected to provide protection to newborns. This

absence of protection leaves open a window of susceptibility in

the newborn, and we were unable to show a sufficiently rapid
increase in antipertussis antibody levels in postpartum women
during this vulnerable period.

Beginning the primary immunization series at 6 weeks of age,
rather than at 8 weeks of age, and giving a neonatal dose of
pertussis vaccine are being explored to reduce the incidence of
pertussis in young infants. Two modeling studies have predicted
that 10%-15% of cases in the first 2 months of age could be
prevented by earlier initiation of the infant series [28, 29].
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Table 1. Proportion of Participants Achieving Selected Threshold Antibody Levels After a Single Dose of Tetanus-Diphtheria-Acellular

Pertussis Vaccine

Antigen IgG class

Number (proportion; 95%
confidence interval) of
participants achieving 4-fold
antibody response

Number (proportion; 95%
confidence interval) of
responders achieving >90% of
maximal response by day 14

Number (proportion; 95%
confidence interval) of
participants reaching
levels of 1.0 IU/mL

Healthy women of childbearing age

Pertussis toxin IgG 25/30 (83.3%; 65.3-94.4)
IgA 3/30 (10.0%; 2.1-26.5)
Filamentous hemagglutinin IgG 27/30 (90.0%; 73.5-97.9)
IgA 19/30 (63.3%; 43.9-80.1)
Pertactin IgG 25/30 (83.3%; 65.3-94.4)
IgA 24/30 (80.0%; 61.4-92.3)
Fimbriae 2 and 3 IgG 29/30 (96.7%; 82.8-99.9)
IgA 26/30 (86.7%; 69.3-96.2)
Tetanus IgG 28/30 (93.3%; 77.9-99.2)
Diphtheria [e]€] 28/30 (93.3%; 77.9-99.2)

Postpartum women®

Pertussis toxin IgG 34/39 (87.2%; 72.6-95.7)
IgA 17/39 (43.6%; 27.8-60.4)
Filamentous hemagglutinin IgG 39/39 (100%; 91.0-100)
IgA 30/39 (76.9%; 60.7-88.9)
Pertactin IgG 39/39 (100%; 91.0-100)
IgA 32/39 (82.1%; 66.5-92.5)
Fimbriae 2 and 3 IgG 38/39 (97.4; 86.5-99.9)
IgA 37/39 (94.9%; 82.7-99.4)
Tetanus lgG 39/39 (100%; 91.0-100)
Diphtheria lgG 35/39 (89.7%; 75.8-97.1)

17/25 (68.0%; 46.5-85.1)
3/3 (100%; 29.2-100)
20/27 (74.1%; 53.7-88.9)
18/19 (94.7%; 74.0-99.9)
23/25 (92.0%; 74.0-99.0)
23/24 (95.8%; 78.9-99.9)
26/29 (89.7%; 72.6-97.8)
24/26 (92.3%; 74.9-99.1)
29/30 (96.7%; 82.8-99.9)
24/26 (92.3%; 74.9-99.1)

29/34 (85.3%; 68.9-95.0)
17/17 (100%; 80.5-100)

35/39 (89.7%; 75.8-97.1)
27/30 (90.0%; 73.5-97.9)
30/39 (76.9%; 60.7-88.9;)
27/32 (84.4%; 67.2-94.7)
27/38 (71.1%; 54.1-84.6)
36/37 (97.3%; 85.8-99.9)
36/38 (94.7%; 82.3-99.4)
24/27 (88.9%; 70.8-97.6)

30/30 (100%; 88.4-100)
26/30 (86.7%; 69.3-96.2)

38/40 (95%; 83.1-99.4)
27/40 (67.5%; 50.9-81.4)

@ None of the 10 unimmunized control women had a =4-fold increase in levels of antibody against pertussis toxin, filamentous hemagglutinin, pertactin, fimbriae 2

and 3, or tetanus and diphtheria toxins (P = .009 for all comparisons).

A neonatal dose of pertussis vaccine is being explored to improve
the protection of young infants; however, clinical trials have
shown mixed results [30-32].
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Figure 3. Geometric mean breast milk levels of immunoglobin (Ig) A
antibody against pertussis toxoid (squares), filamentous hemagglutinin
(triangles), pertactin (circles), and fimbriae 2 and 3 (diamonds) in postpartum
women vaccinated with tetanus-diphtheria-acellular pertussis vaccine (solid
lines) and in unvaccinated postpartum women (dashed lines).

The cocoon strategy has been proposed as a way to protect
unvaccinated or incompletely vaccinated infants by selectively
vaccinating new mothers and fathers [5, 15, 16]. This strategy
protects the vaccinated group and, therefore, decreases the
likelihood that these close contacts will bring infection into the
household and transmit it to the infant; several studies have
provided evidence that this strategy may be successful [33, 34].
The advantages include greater acceptability among women
than vaccination during pregnancy, easier accessibility to other
household members along with enhanced teaching opportuni-
ties, and the potential to combine postpartum immunization
with a neonatal immunization program. The disadvantage,
however, as shown by our data, is that the serum antibody re-
sponse in postpartum women, although suggestive of an an-
amnestic immune response, may not be sufficiently rapid to
protect infants in the first weeks of life. Although mucosal an-
tibody protects newborn animals in the mouse [35] and pig [36]
models of pertussis, there are no definitive data about the
protective effect of breast milk antibodies against pertussis in
humans [37]. These data suggest that the increase in pertussis-
specific secretory IgA antibody levels in breast milk after
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postpartum vaccination may not be sufficiently rapid to result in
transfer of mucosal immunity to the infant via breast milk in
the first 2 weeks of life. The advantages and disadvantages of
all strategies need to be considered to determine the superiority
of one approach over the other.

At present, the majority of infant exposures to pertussis are
from adults [2, 5, 13, 15]. Despite recommendations from the
US Advisory Committee on Immunization Practices and
Canada’s National Advisory Committee on Immunization
that all adolescents and adults have a single booster with Tdap
vaccine [21, 38], the recent large outbreaks of adult and ad-
olescent pertussis indicate that this strategy has not yet been
completely effective and underscore the urgency of identifying
a strategy that will protect infants during this vulnerable
period. Vaccinating preconceptually is unlikely to be suc-
cessful because of the rapid decrease in maternal antibody
titers that would be expected to occur during pregnancy [16].
As our studies have shown, vaccination during the immediate
postpartum period ensures high maternal antibody levels;
however, it takes 2 weeks for antibodies to reach maximum
levels. Vaccinating women during the third trimester
of pregnancy might protect the infant through placental
transfer of maternal antibodies, resulting in high antibody
levels in the infant at the time of birth and early appearance of
mucosal antibodies in breast milk. This offers the possibility
of protecting the infant from birth until immunity is achieved
by active vaccination. Two studies exploring the role of
maternal vaccination with Tdap are currently underway
(39, 40].

Our studies had several limitations. The first study, performed
in healthy women of childbearing age, was a nonrandomized
pilot study with a small number of women (n = 30). In the
second study of postpartum women, we were unable to collect
and measure antibody levels in colostrums at baseline because
some of the mothers experienced a delay in milk let-down and,
in other women, the presence of nonspecific interference of
colostrum in the enzyme immunoassay precluded antibody
measurement. Of most significance, the mechanisms providing
protection from pertussis are not well understood and there is
no generally accepted correlate of immunity or seroprotective
antibody concentration after pertussis or pertussis vaccination
[41-43]. Protection from pertussis conferred by vaccination is at
least partly dependent on cell-mediated immunity [44], and the
relation of lower antibody concentrations and vaccine efficacy is
unknown. Even with high levels of specific antibodies after
vaccination, it is still not possible to define the precise levels of
antibodies against a single antigen or a combination of antigens
that correlate with protection. Therefore, although postpartum
vaccination may be a viable protective strategy, the proof of
whether this is true would best be demonstrated by a reduction
in disease at the individual or population level.

In summary, these studies revealed that the serum and breast
milk antibody response after vaccination with Tdap in post-
partum women may not be sufficiently rapid to protect infants
during the critical first 2 weeks of life. Although postpartum
vaccination may be a part of the solution, other options, such as
neonatal vaccination and vaccination of women in the middle to
late third trimester of pregnancy may be required to fully protect
infants during this vulnerable period.
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