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WA State Board of Health 13 March 2019 Meeting 
re: Agenda item #9 Petition for Rulemaking – WAC 246-105- 030 – Possible Action 

Dear Board of Health Members: 

As is stated in Criteria for Reviewing Antigens for Potential Inclusion in WAC 
246-105-030 regarding vaccination requirements for daycare and school, 

“The Board believes that approaching these decisions using Board developed 
rationale and criteria is the best method for protecting children and the 
community at large while balancing the interests of parents and families in 
Washington State.” 

As a parent, and as the representative of parents in WA State whose children are not 
protected by the federal immunization recommendations, I am grateful for the 
wisdom and thoughtfulness of this approach to ensure policies here in our state are 
sound; however, there is great disparity between the ideals of the criteria and the 
actual capabilities and limitations of the vaccines currently being required for school. 

In regards to the pertussis vaccine, the current product has utterly failed. 

The framework for the Board’s criteria is based on the Harm principle by John Stuart 
Mill’s On Liberty. 

“The only purpose for which power can rightfully be exercised over any 
member of a civilized community, against his will, is to prevent harm to 
others. His own good, either physical or moral, is not a sufficient warrant.” 

The acellular vaccine fails not only to prevent harm to others because it cannot 
prevent colonization and transmission, it has negative efficacy for those who receive 
it by increasing their lifetime risk of infection. Please see the studies attached which 
represent a sampling of the rich body of scientific literature on the subject. 

The information provided by the Department of Health on their website and the 
literature distributed is out-of-date and requires updating. For instance, the 
Washington State COMMUNICABLE DISEASE REPORT 2017 states regarding pertussis: 

Prevention: Recommended universal childhood immunization with a booster 
dose for adolescents and adults can reduce the risk of infection and generally 
prevents severe illness in most age groups. Very young infants (under two 
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months of age) too young to be immunized can be protected by vaccinating 
pregnant women during the last trimester of each pregnancy. Assuring that 
others who will have close contact with the infant have been vaccinated is also 
important. Respiratory and hand hygiene can reduce transmission. Any person 
with a cough illness should avoid contact with pregnant women and young 
infants. 

As the studies provided at the end of this letter reveal, “cocooning” is no longer 
recommended as a strategy for protecting infants and the immunocompromised 
because of asymptomatic transmission, and individuals who receive the vaccine are at 
lifetime increased risk of acquiring pertussis. 

Also of critical importance, while the CDC recommends vaccinating pregnant women 
for protection of the infant, that is an off-off-label use not approved by the FDA. 

• Aftermarket studies are carried out without the informed consent of the 
subjects. Pregnant women are being told in the absence of clinical trials or 
adequate studies that the vaccine has been proven necessary, safe, and 
effective for their unborn child. 

• Aftermarket studies most often exclude non-live birth outcomes. 
• Aftermarket studies rarely examine long-term health outcomes for the 

children. 
• If exposure to acellular pertussis (aP) vaccines in childhood creates lifelong 

susceptibility to whooping cough, does exposure in utero do the same? Can 
vaccination with aP be recommended if this is not known? 

• Aftermarket studies for effectiveness at reducing incidence of pertussis in 
infants were done with mothers who were primed with the whole cell DPT 
vaccine, not the current acellular vaccine; they are not relevant to mothers 
today. Even with DPT, studies show the absolute risk reduction was just .03%. 

It is clear that removal of the pertussis requirement for daycare and school is in the 
best interest of individuals and the community. It is also clear that safety has not 
been established for exposing unborn infants to this vaccine in utero and therefore 
state agencies should cease promoting vaccinating pregnant women as a protective 
strategy. 

The removal of the pertussis vaccine from daycare and school requirements is 
complicated by the fact that the pertussis vaccine is not available as a single antigen 
in the U.S. but comes only in the trivalent DTaP or Tdap. It is therefore necessary to 
examine the tetanus and diphtheria antigen requirements and the products available. 

Tetanus: tetanus is not a communicable infection. The vaccine is for personal 
protection only, and it therefore does not fit the Board’s criteria for inclusion in 
daycare and school required vaccines. 



Diphtheria: diphtheria is a communicable infection, but like the pertussis vaccine, the 
diphtheria-targeting vaccine is incapable of preventing colonization and transmission, 
and so is for personal protection only.  
 
From the Washington State COMMUNICABLE DISEASE REPORT 2017: 

Sources: Human carriers are the reservoir. Transmission from asymptomatic 
carriers can occur. Transmission is by respiratory droplets. Contact with infected 
skin lesions may also transmit disease. Contaminated raw milk or articles of 
clothing/bedding soiled with discharges from an infected person may be vehicles 
for transmission. 

Prevention: Universal immunization including booster doses prevents infection. 
Respiratory and hand hygiene prevent transmission. 

There have been zero deaths due to diphtheria since 1977, three years prior to WA 
State establishing any school vaccination requirements. Prior to school requirements 
for diphtheria-targeting vaccines, vaccination rates were 58-60%. 

About the vaccine: Made by Sanofi Pasteur, “Diphtheria and Tetanus Toxoids Adsorbed 
is a vaccine indicated for active immunization against diphtheria and tetanus. 
Diphtheria and Tetanus Toxoids Adsorbed is approved for use in children from 6 weeks 
through 6 years of age (prior to 7th birthday).” 

• Five dose series. 
• Contains 2.4 times more aluminum adjuvant than DTaP products. 
• The current formulation had no clinical trials. The largest study done with the 

older formulation had just 163 subjects and adverse reactions were tracked for 
just 24 hours. 

• Aftermarket adverse events “included based on severity, frequency of reporting 
or the strength of causal association with Diphtheria and Tetanus Toxoids 
Adsorbed”: Lymphadenopathy, Convulsion, Somnolence, Syncope, Rash, 
Urticaria. Death and severe injury have been reported to VAERS. 

In summary, transmission of tetanus and diphtheria is not prevented by vaccination, 
and diphtheria fatalities had dropped to zero before school rules. Since the attributes 
of the only targeting-vaccine must be weighed carefully by parents and pediatricians 
in regards to each individual child’s unique circumstances, cessation of using the 
state’s power to compel uptake will not alter the safety of daycare and school 
settings and is in keeping with the Board’s criteria and the Hippocratic oath of “First 
Do No Harm.” 

Prevention 

As mentioned earlier, the WA State DOH recommends respiratory and hand hygiene to 
prevent transmission of both pertussis and diphtheria. Other tools not yet fully 
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explored include routine point-of-care rapid diagnostics to test those caring for 
infants and those who are immune compromised to locate low and asymptomatic 
carriers. 

Please consider this letter to be support for my petition to remove the pertussis 
antigen from daycare and school requirements, and also a petition to remove tetanus 
and diphtheria antigens so that parents are afforded the flexibility needed to safely 
protect their children. 

Sincerely, 

Bernadette Pajer 
Co-president Informed Choice WA 
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The 112-Year Odyssey of Pertussis and Pertussis 
Vaccines—Mistakes Made and Implications for the Future
James D. Cherry

Department of Pediatrics, David Geffen School of Medicine at UCLA

Effective diphtheria, tetanus toxoids, whole-cell pertussis (DTwP) vaccines became available in the 1930s, and they were put into 
routine use in the United States in the 1940s. Their use reduced the average rate of reported pertussis cases from 157 in 100 000 in 
the prevaccine era to <1 in 100 000 in the 1970s. Because of alleged reactions (encephalopathy and death), several countries discon-
tinued (Sweden) or markedly decreased (United Kingdom, Germany, Japan) use of the vaccine. During the 20th century, Bordetella 
pertussis was studied extensively in animal model systems, and many “toxins” and protective antigens were described. A leader in 
B pertussis research was Margaret Pittman of the National Institutes of Health/US Food and Drug Administration. She published 2 
articles suggesting that pertussis was a pertussis toxin (PT)-mediated disease. Dr Pittman’s views led to the idea that less-reactogenic 
acellular vaccines could be produced. The first diphtheria, tetanus, pertussis (DTaP) vaccines were developed in Japan and put into 
routine use there. Afterward, DTaP vaccines were developed in the Western world, and definitive efficacy trials were carried out in 
the 1990s. These vaccines were all less reactogenic than DTwP vaccines, and despite the fact that their efficacy was less than that of 
DTwP vaccines, they were approved in the United States and many other countries. DTaP vaccines replaced DTwP vaccines in the 
United States in 1997. In the last 13 years, major pertussis epidemics have occurred in the United States, and numerous studies have 
shown the deficiencies of DTaP vaccines, including the small number of antigens that the vaccines contain and the type of cellular 
immune response that they elicit. The type of cellular response a predominantly, T2 response results in less efficacy and shorter 
duration of protection. Because of the small number of antigens (3–5 in DTaP vaccines vs >3000 in DTwP vaccines), linked-epitope 
suppression occurs. Because of linked-epitope suppression, all children who were primed by DTaP vaccines will be more susceptible 
to pertussis throughout their lifetimes, and there is no easy way to decrease this increased lifetime susceptibility.

Keywords. cellular response; DTaP; DTwP; linked-epitope suppression.

During the 20th century, Bordetella pertussis was studied 
extensively in mice, and many toxins and “protective anti-
gens” were described [1, 2]. A  leader in pertussis research 
was Margaret Pittman, who worked at the National Institutes 
of Health/US Food and Drug Administration (FDA) from 
1936 to 1990. She suggested that pertussis was a pertussis 
toxin (PT)-mediated disease [3, 4]. Because contemporary 
diphtheria, tetanus toxoids, whole-cell pertussis (DTwP) 
vaccines were associated with significant adverse effects, Dr 
Pittman’s views led to the idea that less-reactogenic acellu-
lar diphtheria, tetanus, pertussis (DTaP) vaccines could be 
produced.

Yuji Sato, who was trained at the National Institutes of 
Health/FDA and was influenced by Dr Pittman, returned to 
Japan and developed the first acellular pertussis (aP) vaccines 
[5]. Dr Sato’s goal was to produce a PT toxoid vaccine, but his 

vaccines also contained filamentous hemagglutinin (FHA), 
pertactin (PRN), and fimbriae 2 (FIM-2). In the 1980s, many 
aP vaccines were developed, and in the 1990s, definitive efficacy 
trials with many aP and diphtheria, tetanus, acellular pertussis 
(DTaP) vaccines were carried out in Europe and Africa [1, 2, 
6–20].

Despite the fact that in all but 2 of the efficacy trials the 
DTwP vaccines had greater efficacy than did the DTaP vac-
cines being studied, DTaP vaccines were licensed and used 
in many countries throughout the world; DTaP vaccines had 
replaced DTwP vaccines. The urgency to adopt DTaP vac-
cines was driven largely by antivaccine activist groups such as 
“Dissatisfied Parents Together.” During the rush to adopt DTaP 
vaccines and tetanus, diphtheria, acellular pertussis vaccines for 
adults (Tdap), much of the history relating to human pertussis 
was overlooked [1, 2, 21–23].

Since 1997, the DTaP vaccination policy has created a cohort 
of people (the number of which is expanding yearly) who are 
more susceptible to repeated clinical illness with B pertussis 
infection than are DTwP-vaccinated children. There is no fea-
sible way to make this cohort less susceptible.

In this review, I address the epidemiology of and facts, fic-
tion, myths, and misconceptions related to human pertussis and 
suggest an approach for the future.
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EPIDEMIOLOGY

The epidemiology of reported pertussis is different from that 
of B pertussis infection and illness [24]. In 2012, in the United 
States, 48 277 cases of pertussis were reported. This was the 
greatest number of reported cases since 1955. Approximately 
35 years ago, the number of cases and rates of reported pertus-
sis started to climb and marked peaks occurred in 2005, 2010, 
2012, and 2014 (Figure 1).

Reported Pertussis in the United States

In the prevaccine era, reported pertussis had cyclic peaks every 2 
to 5 years [1, 2, 24–26]. Pertussis immunization reduced the aver-
age rate of reported pertussis from 157 per 1 000 000 to <1 per 
1 000 000 [25]. In the pertussis vaccine era (both whole-cell and 
acellular vaccines), the cyclic peaks of reported pertussis have 
been the same as those in the prevaccine era. Because the cycles 
of pertussis are the same today as they were in the prevaccine era, 
we know that B pertussis is circulating today in a manner simi-
lar to that in the prevaccine era [1, 2,  26–29]. Numerous studies 
since 2004 have noted that pertussis in adults is common and the 
major source for infections in infants [1, 2, 7, 30–40].

In the past, virtually all cases of pertussis in adults were mis-
diagnosed [37]. They were thought to be cough-variant asthma, 
gastrointestinal reflux, or a respiratory viral infection. In a sim-
ilar vein, pertussis in infants also has been misdiagnosed as 
respiratory viral illness [25, 35].

A number of reasons exist for the reemergence of reported 
pertussis in the beginning of the 21st century. As noted in the 
introduction, DTaP vaccines are less effective than DTwP vac-
cines (discussed in depth later in this review). However, the 
resurgence started approximately 15  years before the switch 
from DTwP to DTaP vaccines. Therefore, it is my opinion that 

the main reason for the initial resurgence was greater awareness 
of pertussis. Greater awareness occurred because much media 
attention was paid to true and perceived DTwP reactions, the 
number of pertussis articles in the literature related to vac-
cine reactions increased, many phase 2 DTaP vaccine studies 
were carried out, and, in the 1990s, the definitive vaccine-ef-
ficiency trials were performed. Also, in my opinion the of the 
polymerase chain reaction assay for diagnosis around 2005 also 
contributed to the resurgence in pertussis reports. In addition, 
single-serum serologic diagnosis for adolescent and adult per-
tussis became available.

Bordetella pertussis Infection

In the late 1980s through 2008, studies on B pertussis infection 
were performed in 3 ways: (1) the percentage of prolonged 
cough illnesses in adolescents and adults caused by B pertus-
sis infection; (2) the rates of B pertussis infection in adolescents 
and adults; and (3) the rates of B pertussis cough illnesses in 
adolescents and adults.

Between 1983 and 1999, 13 studies on the percentage of 
prolonged cough illness in adolescents and adults attrib-
utable to B pertussis infection were published [24]. In the 
majority of these studies, the diagnosis was made by finding 
a significant rise in titer or finding a high titer to PT, FHA, 
PRN, FIM, in an enzyme-linked immunosorbent assay or by 
agglutination. The positive rates varied from 12% to 52% 
(median, 26%).

However, because only the antibody to PT is specific for 
B pertussis infection, these rates include illnesses attribut-
able to other Bordetella spp, Mycoplasma pneumoniae, and 
Chlamydophila pneumoniae [41]. In 7 studies, it was possible 
to find only cases determined by immunoglobulin A  (IgA) 
or IgG antibody titer increases, high PT titers, or culture or a 

Figure 1. Reported pertussis cases, 1922–2016.
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polymerase chain reaction assay positivity. Here, the rates var-
ied from 7% to 17% (median, 13%). Our group performed the 
first of these studies in UCLA students between 1986 and 1989.

An interesting aspect of all the studies is that B pertussis ill-
nesses occurred throughout the year. Therefore, these data sug-
gest that pertussis is endemic in adolescents and adults.

Seven published studies contain data relating to the yearly 
rate of B pertussis infections. In 6 of these studies, the rates were 
determined by finding significant titer increases between 2 time 
points. In the other study, the infection rates were determined 
by the PT antibody value being above the cutoff limit [41]. The 
quality of the data varied considerably between the studies. Our 
group performed the first of these studies [42], in which we 
obtained yearly serum samples from the same subjects over a 
5-year period. The yearly rate was a surprising 6%. In 2 studies 
in which the rates were determined between only 2 time peri-
ods, the yearly rates were 1% to 2.2%.

In Cleveland, Ohio, we collected serum samples every 4 months 
for 3 years from a group of 100 adults aged ≥65 years who were liv-
ing in the community [43]. In this group, the yearly rate was 3%. 
Results from a de Melker et al [44] study supported found in our 
2 previous studies [42, 43]. Specifically, the yearly rates in the ≥65-
year age group of 3% and the rate of 6% in our study in which we 
obtained sera from the same subjects over a 5-year period matched 
those noted by de Melker at al..

Two studies in which the authors determined the rates of 
B pertussis cough illness in adolescents and adults have been 
performed. The first was a Centers for Disease Control and 
Prevention study in participating doctors’ offices in Minneapolis 
and St Paul, Minnesota [45]. In that study, the annual rate was 
500 per 100 000. The second of these studies involved approx-
imately 1400 persons who were controls in a vaccine efficacy 
trial in adolescents and adults. In that study, the annual rate was 
370 per 100 000 [46]. In both of these 2 studies, there existed 
considerable “observer bias” [47], a term that our group in 
Erlangen, Germany, coined. Specifically, if one has a precon-
ceived idea of what pertussis is, then one will overlook less-se-
vere cases. Observer bias was clearly a significant problem in 
the Minnesota study. The authors actually studied only approx-
imately 5% of those who met study-entry criteria; mild illness 
was clearly overlooked. In our UCLA study, observer bias was 
also a problem, because the study nurses tended to ignore the 
mild cases, although they met the study criteria.

Immunity After B pertussis Infection and DTwP Vaccination

A common belief is that B pertussis infection results in lifelong 
immunity and that DTwP vaccine immunity is relatively short 
lived [48]. While working in Germany in the 1990s, I saw many 
cases of pertussis in adults [49]. It was assumed that most of 
these illnesses occurred in adults who had been primed initially 
by B pertussis infection in childhood. Our group previously 
studied pertussis in UCLA students [50], and it was assumed 

then that most of these students were primed initially by DTwP 
vaccine. My impression and the results of an analysis of data 
from 2 of our published studies suggest that the illness in the 
previously disease-primed German participants was generally 
more severe than the illness in the American students who were 
primed initially with DTwP vaccine. Using sera from 21-year-
old German adults and 21-year-old students in the United 
States, we examined IgG and IgA antibodies to agglutinogens, 
FIM-2, FHA, PRN, and PT [51]. It should be noted that IgA 
antibody occurs only after infection and not after DTwP vac-
cination. Because pertussis was an epidemic in Germany at the 
time of this study and was not being observed in adults in the 
United States, one would expect the IgG and IgA titers to be 
higher in the Germans than in the Americans. However, such 
was not the case. The IgG titers to all 5 antigens were signifi-
cantly higher in the Americans, whereas the IgA titers were sim-
ilar in the German and American participants.

The IgG findings suggest that DTwP vaccination provides 
better protection than natural infection. The IgA data indicate 
that B pertussis was circulating in both countries in similar fash-
ions despite the fact that recognized pertussis was an epidemic 
in Germany and was not being observed in the United States.

In reviewing publications from the 1920s, 1930s, and 1940s, 
it is clear that repeat illness caused by B pertussis was not uncom-
mon and that pertussis in adults was overlooked [52–58].

A summary of reported pertussis cases is presented in 
Table 1.

WHOLE-CELL VACCINE ERA

History of DTwP Vaccines

As noted in the introduction, the universal use of DTwP vac-
cines, which started in the late 1940s, led to a 157-fold reduction 
in the incidence of reported pertussis. B pertussis was isolated 
in 1906 [59], and because pertussis was frequently fatal at the 
time, attempts were made to make vaccines for treatment and 
protection [4, 21, 25, 26, 36, 53–55]. In 1923–1924 in Denmark, 
Madsen [55] showed some protection from vaccination. In 
the 1930s, many candidate vaccines were developed, and in 
1944, pertussis immunization was endorsed by the American 
Academy of Pediatrics [26].

Table 1. Summary of Reported Pertussis Cases in the Prevaccine and 
Vaccine Eras

1.  B pertussis infections in adolescents and adults are very common and endemic in the 
current vaccine era

2.  Data from Germany in the early 1990s, when few children were being immunized and 
pertussis was epidemic, and early observations in the United States suggest that infec-
tions in adolescents and adults were also common and endemic in the prevaccine era

3. Rates of reported pertussis are 40- to 160-fold less common than actual illness rates
4. Asymptomatic infection is 4–22 times more common than symptomatic infection
5.  Symptomatic adolescents and adults currently are the major source of infection in un-

vaccinated children
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In the 1930s, it was realized that good antibody response and 
clinical protection after immunization depended on the num-
ber of killed organisms in the vaccine, and because of reactions 
(toxicity), the number of organisms that could be given in a sin-
gle dose was limited. As far back as the 1940s, study reports 
have suggested that vaccines cause severe neurological disease 
(vaccine encephalopathy) [60–62]. One of these studies, form 
London in 1974, led to a drastic decrease in DTwP vaccine use 
and severe epidemic disease 3 years later [62]. Population-based 
studies in Sweden, England, and Wales found very high rates for 
vaccine encephalopathy [63, 64]. The concern regarding vaccine 
encephalopathy led to discontinuation of DTwP vaccine use in 
Sweden and Japan. In the United States, vaccine use remained 
relatively stable, but an epidemic of pertussis vaccine lawsuits 
spread in the 1980s and led to the National Childhood Vaccine 
Injury Act of 1986 [65]. This act provided persons allegedly 
injured by a routine childhood immunization a no-fault alter-
native to litigation via the traditional tort system.

The results of a number of controlled studies between 1979 
and 2004 indicated that no risk of severe neurologic disease 
after DTwP vaccinations existed [66–76]. It was noted by myself 
and Shields [77] (a pediatric neurologist) that what was being 
called pertussis vaccine encephalopathy was not an encephali-
tis-like event but, instead, the first seizure or seizures of infantile 
epilepsy.

Sudden infant death syndrome (SIDS) was also thought to 
be a complication of DTwP vaccination. However, the peak age 
of SIDS occurrence is approximately 10 weeks, and because 
the first DTwP dose in the United States was administered at 
approximately 8 weeks of age, the temporal association between 
SIDS and vaccination would be expected. In the late 1970s and 
1980s, considerable media coverage inferred a cause-and-ef-
fect relationship. Controlled studies in 1987 [78] and 1988 [79] 
found no causal relationship between DTwP immunization and 
SIDS. SIDS is now known to be a result, in large part, of the 
prone sleeping position.

B. PERTUSSIS, THE ORGANISM AND ITS 
PATHOGENESIS

In bacterial infections, there are usually 4 steps in pathogenesis, 
(1) entry into the host and attachment, (2) evasion or disrup-
tion of host defenses, (3) development of local damage, and (4) 
establishment of systemic disease by virtue of dissemination of 
organisms or their products. In 1940, William H. Holmes [22] 
wrote a book on bacillary and rickettsial infections, and the per-
tussis chapter is of considerable interest. He made the follow-
ing 5 important observations: (1) unlike other diseases such as 
polio or measles, pertussis has no ancient history, (2) pertussis 
results in no characteristic changes such as rash or meningitis, 
(3) the paroxysmal cough is distinctive, but its cause was elu-
sive, (4) pertussis kills more female than male infants, and (5) 

although it is an infectious disease, there is no fever during the 
spasmodic stage and no physical findings.

Pathology

In 1912, F. B. Mallory and A. A. Hornor published an article on 
histological lesions in the respiratory tract of patients with per-
tussis [23]. They studied the respiratory tract of 3 children who 
died as a result of pertussis. All 3 of these children had a rather 
protracted course with secondary infection; nevertheless, the 
authors noted areas of normal ciliated cells in the trachea, bron-
chi, and bronchioles. The ciliated cells had coccobacilli attached 
to the cilia. In 2008, Paddock, Sanden, and I [80] reported the 
pulmonary pathology of 15 infants who died as a result of per-
tussis. From this study we proposed a mechanism for death in 
young infants. Our hypothesis was that the leukocytosis with 
lymphocytosis caused aggregates of cells in the arterioles, which 
resulted in irreversible pulmonary hypertension. The results of 
studies by our extended California group of investigators sup-
port that hypothesis [36, 40, 80–86]. We have found that the 
degree of leukocytosis with lymphocytosis and the rapidity of 
the increase in white blood cell count relate to the occurrence of 
irreversible pulmonary hypertension and death. It also should 
be noted that this process is noninflammatory [81]. The aggre-
gates are made up of mature neutrophils and lymphocytes that 
reflect the cells circulating in the blood. The immune response 
in the lung is an influx of intra-alveolar macrophages; young 
neutrophils (band forms) are not seen.

Perhaps more important is that we duplicated the findings of 
Mallory and Hornor [23] from almost 100 years ago. We noted 
normal ciliated cells with B pertussis cells attached to the cilia.

If we now go back and look at the steps in pathogenesis for 
B pertussis, we note that local damage does not occur (unless 
there is a secondary bacterial or viral infection) and that there 
is no systemic disease.

CLINICAL PERTUSSIS

Clinical pertussis is a toxin-mediated disease caused by PT, 
which inhibits host cell G proteins, and a second yet-uniden-
tified toxin that causes a unique cough [2, 40]. There is no 
inflammatory process unless a secondary infection is present. 
PT causes leukocytosis with lymphocytosis, which leads to pul-
monary hypertension, shock, and organ failure in young infants 
[80–86]. After primary exposure to PT by illness or immuniza-
tion, the clinical manifestations of PT (leukocytosis with lym-
phocytosis) never recur with subsequent infection, presumably 
because of the rapid antibody response.

The illness manifestations in persons who have previously 
responded to PT are attributable solely to the yet-unidentified 
“cough toxin.” Because persons of all ages experience cough 
with B pertussis infection, it would seem that either this toxin is 
poorly immunogenic or immunity to it wanes rapidly.
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Infection by B pertussis is facilitated by a number of proteins. 
These proteins either facilitate attachment (FIM-2/3) or disrupt 
the innate immune responses.

Since 1909, numerous B pertussis toxins have been identified 
in studies in mice. However, 2 of these toxins (dermonecrotic 
toxins and tracheal cytotoxin) probably play no significant role 
in human infection [2].

aP VACCINES

As noted in the introduction, aP and DTaP vaccines were devel-
oped in the 1980s and were tested extensively in the 1990s. These 
vaccines contain between 1 and 5 antigens, in contrast to DTwP 
vaccines, which contain more than 3000 B pertussis antigens. 
All DTaP vaccines are less reactogenic than are DTwP vaccines 
because they contain virtually no lipopolysaccharide (LPS).

Four Reasons Why DTaP Vaccines Are Inferior to DTwP Vaccines

There are 4 reasons why DTaP vaccines are inferior to DTwP 
vaccines, (1) genetic changes in B pertussis have contributed 
to increased susceptibility, (2) the Th17/Th1 cellular immune 
response after DTwP vaccination is more effective than the 
T-helper (Th2) response after DTaP vaccination, (3) DTaP vac-
cines have a suboptimal balance of antigens, and (4) linked-epi-
tope suppression [2, 40, 87–97].

Genetic Changes in B pertussis
Genetic changes that contribute to increased susceptibility to 
B pertussis did not occur in the DTwP era. The total number 
of protective antigens in DTwP vaccines is not known, but it is 
likely that more than 20 of them exist. In contrast, DTaP vac-
cines contain at most 5 proteins. Recent changes in B pertussis 
in the acellular vaccine era include the following: (1) a change 
from the ptx P1 to the ptx P3 allele, (2) the development of PRN-
deficient mutants, and (3) an increase in FIM-3B strains. Of 
these 3 genetic changes, only the occurrence of PRN-deficient 
mutants is important. In the United States, the majority of cir-
culating B pertussis strains are currently PRN deficient. Because 
antibody to PRN is most important in protection [93, 94], the 
circulation of these strains should contribute to DTaP and Tdap 
vaccine failures. At present no evidence for such failures exists; 
the antibody to the B subunit of PT provides considerable 
effectiveness against “typical pertussis.” We know this because 
in Denmark, a PT toxoid vaccine has been used for 20 years, 
and it has controlled severe pertussis. Therefore, to show that 
PRN-deficient mutants are contributing to DTaP and Tdap vac-
cine failures, a search for B pertussis infections in patients with 
less-severe afebrile cough illness would be necessary.

Type of T-Cell Immune Response
Information from studies in baboons have yielded valuable 
information related to T-cell immune responses [87–89]. 
After infection or DTwP vaccination, a specific Th17 and Th1 

memory response is elicited, whereas after DTaP immunization, 
a Th1/Th2 response is elicited. The Th17/Th1 response prevents 
infection and disease and also provides longer-lasting protec-
tion than does the Th1/Th2 response.

Incorrect Balances of Antigens in DTaP Vaccines
In 2 of the vaccine-efficacy trials of the 1990s, the investigators 
carried out their studies in ways that enabled the determination 
of serologic correlates of protection [93, 94]. In both studies it 
was noted that antibody to PRN or FIM led to an effectiveness of 
approximately 70%. It was noted also in both studies that higher 
levels of antibody to PT diminished the effectiveness of antibody 
to FIM. In the Swedish study (but not in the German study), evi-
dence that high levels of antibody to PT diminished the effec-
tiveness of antibody to PRN was also found (unpublished data of 
Storsaeter J, Hallander HO, Gustafsson L, Olin P).

Linked-Epitope Suppression
In a study of adenylate cyclase toxin (ACT), the authors noted 
that children with a primary B pertussis infection had a vigor-
ous antibody response to ACT [95]. In contrast, the antibody 
response to ACT in those whose DTaP vaccine failed was 
blunted. At that time, The authors suggested that this was similar 
to “original antigenic sin” in influenza. The concept of original 
antigenic sin in influenza was suggested more than 60 years ago. 
The immunologic memory of children is such that with a second 
influenza A infection, the major antibody response is directed at 
the strain with which they were infected originally and not to the 
new infecting strain. Using sera from 2 vaccine trials in Sweden, 
we noted that individuals who were not protected by a PT toxoid 
vaccine did not develop antibody to FHA, and those for whom a 
PT/FHA vaccine failed did not develop antibody to either PRN 
or FIM [96]. In “linked-epitope suppression,” memory B cells 
out-compete naive B cells for access to the Bordetella epitopes 
because they are more numerous and their receptors exhibit a 
higher antigen affinity. Linked-epitope suppression applies as the 
immune response to novel epitopes is suppressed by the strong 
response to initial components if they are introduced together.

A study in Australia by Sheridan et al [97] showed the prac-
tical importance of linked-epitope suppression. They examined 
pertussis attack rates in 40 891 children in Queensland between 
1999 and 2011. In those children who were initially primed 
by DTwP vaccine, the average annual attack rate was 5.2% 
(95% confidence interval, 2.7%–9.1%); in contrast, the average 
annual attack rate in those primed by DTaP was 13.2% (95% 
confidence interval,  7.0%–22.6%). Even though the priming 
with DTwP vaccine was further back in time, the annual attack 
rate was significantly lower in these participants than in those 
who were primed with DTaP.

The finding of initial priming by DTwP vaccine leading to 
greater efficiency than priming by DTaP vaccine is explained by 
linked-epitope suppression caused by the preferential responses 
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of memory B cells after secondary exposure to vaccine com-
ponents. DTwP vaccines contain >3000 proteins. Antibody to 
many of these proteins contribute to protection. DTaP vaccines 
contain up to only 5 proteins.

Recent Tdap Studies in Adolescents Who Were Primed by DTaP Vaccines

Three studies on Tdap vaccine effectiveness have been performed 
in the United States. The vaccine-effectiveness rates during the 
first year were 75.3%, 73.0%, and 68.8%. However, after 3 years, 
almost no evidence of effectiveness was found [98–100].

WHAT SHOULD BE DONE TO AMELIORATE THE 
DTAP COHORT

We should be more vigilant than we have been in the past to 
recognize and treat pertussis in all age groups so that transmis-
sion to young infants is reduced. Most important (although not 
discussed in this review) is to ensure that all pregnant women 
receive the Tdap vaccine between 27 and 36 weeks’ gesta-
tion with each pregnancy. Also, we should consider routinely 
administering Tdap vaccine every 3  years to all adolescents 
and adults who were primed with a DTaP vaccine. This sug-
gestion is contrary to that in the current Advisory Committee 
on Immunization Practices recommendations. However, from 
the data available [98–100], this approach could be expected to 
decrease the circulation of B pertussis in adolescents and adults. 
Also, Tdap should be administered to all adolescent and adults 
exposed to B pertussis during a school or other group outbreak.

NEW PERTUSSIS VACCINES TO PREVENT OUR 
CURRENT PROBLEM

New DTaP Vaccines

From the data discussed and presented in this report, it is my 
opinion that a new DTaP vaccine is not a viable option. It would 
seem that getting the correct number and balance of antigens 
would be close to impossible.

Live Vaccines

In Lille, France, Locht et al [101–104] developed an extremely 
promising live vaccine that seems to be both safe and effective. 
This candidate live vaccine, which is delivered intranasally, was 
developed by Locht et al approximately 12 years ago [103]. The 
vaccine, BPZE1, was attenuated by the removal of dermone-
crotic toxin, the reduction of tracheal cytotoxin to a background 
level, and the complete inactivation of PT [104]. Trials with this 
vaccine are expected to begin in the United States soon.

DTwP Vaccines That Are Less Reactogenic

In a UCLA–FDA project, vaccine reactions related to 15  752 
immunizations with DTwP vaccine were studied in California 
between January 1, 1978, and December 15, 1979 [105]. In a 
substudy, reactogenicity according to vaccine lot, endotoxin 
content, pertussis vaccine potency, and the percentage of weight 

gain in mice was analyzed [106]. From this study and many oth-
ers in the 1980s, it was realized that the main cause of reaction 
after DTwP vaccination in infants was LPS (endotoxin) [1].

After the general recognition that LPS in DTwP vaccines 
was the major cause of vaccine reactions, attempts were made 
to detoxify vaccines. In 1974, Cooperstock [107] found that 
endotoxin could be inactivated by polymyxin B.  Studies by 
Bannatyne et al [108, 109] found that exposure of DTwP vac-
cines to polymyxin B decreased endotoxin activity, as assessed 
in a limulus-lysate test. This treatment did not decrease the pro-
tective effect of the vaccine in a mouse-protection test [108].

More recently, at the Institute Butantan in São Paulo, Brazil, 
a DTwP vaccine from which the LPS had been removed by 
chemical extraction was produced [110, 111].

The immunization of children with DTwP vaccine results 
in specific LPS antibody responses [1, 26, 112]. Studies in ani-
mals found that LPS is an agglutinogen. Therefore, antibody 
to LPS will be an anti-adhesin. Antibody to LPS has comple-
ment-dependent bactericidal activity. It has been noted also 
that LPS is a potent adjuvant. From these facts, it would seem 
that the removal of LPS from DTwP vaccines is not a good 
approach.

The technology is available to modify LPS (lipid A) so that its 
beneficial effects are retained but its reactogenicity is eliminated 
[113–118]. Fernandez and I are presently discussing this DTwP 
vaccine approach with a vaccine company.

SUMMARY

The use of animal model systems (specifically those with mice) 
led to many mistakes that led the way to our present DTaP prob-
lems. Countries that currently use DTwP vaccines should con-
tinue to do so. We should increase our awareness of pertussis in 
adults, because they are the reservoir for the continued circula-
tion of B pertussis and the source of infections in young infants. 
Future cohorts would benefit from the development and use of 
live vaccines and less-reactogenic DTwP vaccines.
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Per tussis, an  acu te disease of the upper
respira tory t r act  caused by the gram-nega t ive
bacillus Bordetella pertussis, la st s 6 to 8 weeks
and has th ree clin ica l st ages. The in it ia l
(ca ta r rha l) st age resembles a  common cold with  a
mild cough . The second (pa roxysmal) st age is
cha racter ized by episodes of r epet it ive cough ing
dur ing a  single expira t ion , followed by a  sudden
inspira t ion  tha t  genera tes the typica l “whoop.”
The fina l (conva lescen t ) st age, which  la st s 1 to 2
weeks, marks a  decrease in  the sever ity and
frequency of the cough  (1).

Since the in t roduct ion  of rou t ine ch ildhood
vaccine, per tussis has been  considered preven t -
able, and per tussis-associa ted illness and dea ths
a re uncommon (2). However , vaccine-induced
immunity wanes a ft er  5 to 10 yea r s, making the
vaccina ted host  vu lnerable to in fect ion  (3). Th is
su scept ibilit y h a s  been  descr ibed in  ou t br ea ks
of per t u ssis  in fect ion  in  h igh ly va ccin a t ed
popu la t ion s (3-6).

A recen t  study by Yaar i et  a l. showed tha t
in fect ion  in  a  vaccina ted per son  causes milder ,
nonspecific disease, withou t  the th ree cla ssica l
clin ica l s t a ges (7). Wh oopin g cou gh  is  seen  in
on ly 6% of such  cases; inst ead, the illness is
cha racter ized by a  nonspecific, prolonged cough ,
la st in g sever a l weeks t o m on t h s. Beca u se of
t h ese a typica l symptoms, per tussis in fect ion  is

underdiagnosed in  adu lt s and adolescen t s, who
may be reservoir s for  in fect ion  of unvaccina ted
in fan t s (8-10). In  a  study in  France, up to 80% of
in fect ions in  unvaccina ted ch ildren  were ac-
qu ired from siblings and pa ren t s, suggest ing tha t
adu lt s and even  young siblings play a  fundamen-
ta l role in  the t r ansmission  of per tussis (11).

We demonst ra ted B. pertussis in fect ion  in
fu lly vaccina ted ch ildren  ages 2-3 yea rs and 5-6
yea r s  wh o h a d con t a ct  wit h  a n  in fect ed ch ild .
We invest iga ted whether  younger  or  r ecen t ly
vaccina ted ch ildren  may be protected from
classica l clin ica l illness bu t  r emain  suscept ible to
in fect ion  and become asymptomat ic ca r r ier s.

The Study
We examined the family of a  4-month-old

in fan t  who died of per tussis in  Israel, a s well a s
ch ildren  a t  two day-ca re cen ter s tha t  two siblings
had a t t ended dur ing the in fan t ’s illness. The two
siblings, ages 2 and 5 yea r s, a t t ended differen t
day-ca re cen ter s, for  ages 2-3 yea r s and 5-6 yea r s,
r espect ively. Both  siblings con t inued to a t t end
the cen ter s despit e pa roxysmal cough  for  4 to 5
weeks. Th ir ty other  ch ildren  a t t ended the day-
ca re cen ter  for  the 2- to 3-yea r -old group. Sixteen
other  ch ildren  a t t ended the cen ter  for  the 5- to 6-
yea r -old group.

In  the in fan t ’s family, a  th ird sibling, age 11
years, a lso had a  pa roxysmal cough  of 4 to 5
weeks’ dura t ion . The 35-yea r -old mother  had a
3-month  h istory of per sist en t  cough . An  18-yea r -
old aun t , who took ca re of the in fan t  and lived in

Pertussis Infection in Fully Vaccinated
Children in Day-Care Centers, Israel

Isaac  Sru go,* Dan ie l Be n ile v i,* Ralph  Made b,* Sara  Sh apiro ,†
Tam y Sh oh at,‡ Eli  Som e kh ,§ Yoss i  Rim m ar,* Vladim ir Ge rsh te in ,†

Rosa  Ge rsh te in ,* Esth e r Marva,¶  an d Nitza  Lah at†
*Depar tment  of Clin ica l Microbiology, Bna i Zion  Medica l Center ,

Haifa , Israel; †Serology Labora tory, Carmel Medica l Center , Haifa , Israel;
‡Israel Center  for  Disease Cont rol, Tel Aviv, Israel; §Wolfson  Medica l Center ,

Tel Aviv, Israel; ¶ Public Hea lth  Labora tor ies, J erusa lem, Israel

Address for  correspondence: Isaac Srugo, Department  of
Clinical Microbiology, Bnai Zion Medical Center , POB 4940,
Haifa , Israel 31048; Fax: 972-4-835-9614; e-mail: srugoi@
tx.technion.ac.il.

We tested 46 fully vaccinated children in two day-care centers in Israel who were
exposed to a fatal case of pertussis infection. Only two of five children who tested
positive for Bordetella pertussis met the World Health Organization’s case definition for
pertussis. Vaccinated children may be asymptomatic reservoirs for infection.
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Figure. Timeline of per tussis in fect ion  in  ch ildren  in
two day-ca re cen ter s, Isr ael.

t he same house, r epor ted a  mild respira tory
illness withou t  pa roxysmal cough . None of the
family members had a  whooping episode,
cyanosis, or  pneumonia  (F igure).

All the ch ildren  in  the day-ca re cen ter s had
been  immunized in  in fancy with  a ll four  doses of
Pasteur  diph ther ia -t et anus toxoid per tussis
(DTP) vaccine, which  includes a  booster  dose a t
12 months of age. The Pasteur  vaccine con ta ins
1 immuniza t ion  dose (ID) of pur ified diph ther ia
toxoid, 1 ID of pur ified t et anus toxoid, and >4 IU
of B. pertussis. All family members of the in fan t
were a lso fu lly vaccina ted with  four  doses of DTP.
The in fan t  had received on ly the fir st  dose of
vaccine a t  2 months of age.

The five family members of the in fan t  and the
46 ch ildren  in  the two day-ca re cen ter s were
tested for  B. pertussis. Two nasopharyngea l
specimens were t aken  with  Dacron  swabs
(Medica l Wire, MEDECO, Corsham, UK); one
specimen  was used for  cu ltu re and the other  for
polymerase cha in  react ion  (PCR) t est ing. The
cu ltu re specimen  was immedia tely spread on
charcoa l aga r  pla tes (Hy Labs, Rehovot , Israel),
which  were incuba ted a t  37°C for  14 days. Serum
samples were a lso t aken  from every study
par t icipant  for  specific test ing for  immunoglobulin
(Ig) M, IgA, and IgG an t ibodies to B. pertussis by
an  enzyme immunoassay (EIA) with  whole-cell
an t igens (Panbio, East  Br isbane, Aust ra lia ) (12).
P r imers for  the repea ted inser t ion  sequences
were used in  a  semi-nested PCR assay (13-14).
The upst ream pr imer  sequence gATTCAATA
ggTTgTATgCATggTT and downst ream pr imer
AATTgCTggACCAT TCgAgTCgACG were used
in  the fir st  PCR, which  included 5 µL sample
DNA, react ion  buffer  (10 mM Tr is-HCl, 50 mM
KCl, 1.5 mM MgCl2, 0.1% Tr iton  X-100), 1 µM of
ea ch  p r im er , 200  µM d eoxyn u cleot id e

tr iphosphate, and 1 U Taq polymerase (Boehringer
Mannheim, Germany) in  a  25-µL volume (14).
Sta t ist ica l ana lysis was per formed by the two-
ta iled F isher ’s exact  t est .

A per son  with  posit ive PCR resu lt s was
considered to have B. pertussis colon iza t ion  of the
nasopharynx. A person  with  posit ive IgM serum
ant ibodies was considered to have had a  r ecen t
in fect ion . There were no cu ltu re-posit ive resu lt s,
and nasopharyngea l a spira tes were not  ava ilable
from the in fan t . Posit ivity by PCR or  IgM did not
indica te presence of symptoms.

In format ion  on  clin ica l symptoms was
obta ined from each  per son  by a  deta iled
quest ionna ire. The ch ildren  in  the day-ca re
cen ter s were followed clin ica lly for  8 weeks a ft er
labora tory t est ing. All family members had been
t rea ted with  eryth romycin  before t est ing, bu t  no
an t ibiot ics were admin ist ered to the ch ildren  in
the day-ca re cen ter s.

E leven  percen t  of the ch ildren  in  the two day-
ca re cen ter s were PCR posit ive, indica t ing
nasopharyngea l colon iza t ion : 4 (25%) of the 16 5-
to 6-yea r -old and 1 (3%) of the 30 2- to 3-yea r -old
ch ildren  (p <.05). Nine (55%) 5- to 6-yea r -old
ch ildren  were posit ive for  serum IgM an t ibodies,
and 4 (25%) were IgA posit ive. Three (10%) of the
2- to 3-yea r -old ch ildren  were IgM posit ive, and
1 (3%) had IgA an t ibodies. Nasopharyngea l
colon iza t ion  was found more frequen t ly in  the 5-
to 6-yea r -old than  in  the 2- to 3-yea r -old ch ildren
(4/16 vs. 1/30, p <.05). Th is t r end was a lso
constan t  with  IgM and IgA serum an t ibodies (9/
16 vs. 3/30, p <.001 and 4/16 vs. 0/30, p <.01,
respect ively). In  the index family, four  of five
members were posit ive by PCR, including a ll
th ree siblings of the in fan t  and the 18-yea r -old
aun t . The 35-yea r -old mother , who was t r ea ted
with  eryth romycin  before t est ing, was nega t ive
by PCR. All five family members, including the
mother , had h igh  levels of IgM an t ibodies,
indica t ing recen t  in fect ion . The 4-month-old
in fan t  was seronega t ive for  a ll subclasses of Ig
an t ibodies to B. pertussis. No cu ltu res were
grown from the th ree groups.

According to a  modified Wor ld Hea lth
Organ iza t ion  (WHO) case defin it ion , two of the
five ch ildren  colon ized with  B. pertussis in  the
two day-ca re cen ter s had the typica l course of
per tussis in fect ion , with  3 weeks of pa roxysmal
cough  (Table) (1). The other  th ree ch ildren  who
were posit ive by PCR had on ly a  mild, nonspecific
cough  dur ing follow-up.
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Conclusions
The effect s of whole-cell per tussis vaccine

wane a ft er  5 to 10 yea r s, and in fect ion  in  a
vaccina ted per son  causes nonspecific symptoms
(3-7). Vaccina ted adolescen t s and adu lt s may
serve as r eservoir s for  silen t  in fect ion  and
become poten t ia l t r ansmit t er s to unprotected
in fan t s (3-11). The whole-cell vaccine for
per tussis is protect ive on ly aga inst  clin ica l
disease, not  aga inst  in fect ion  (15-17). Therefore,
even  young, r ecen t ly vaccina ted ch ildren  may
serve as r eservoir s and poten t ia l t r ansmit t er s of
in fect ion .

We used PCR, EIA, and cu ltu re to confirm
B. pertussis in fect ion  in  two h igh ly vaccina ted
groups of ch ildren  in  two day-ca re cen ter s. Three
(10%) of 30 2- to 3-yea r -old ch ildren  were
seroposit ive for  r ecen t  in fect ion ; one had
nasopharyngea l colon iza t ion  and a  clin ica l
illness tha t  met  the modified WHO case
defin it ion . In  the day-ca re cen ter  for  the 5- to 6-
yea r -old group, 9 (55%) of 16 ch ildren  were IgM
posit ive, 4 (25%) of whom had nasopharyngea l
colon iza t ion . Of these four  ch ildren , th ree had
nonspecific cough , and on ly one met  the modified
WHO defin it ion  for  per tussis. None of the
ch ildren  in  our  study, including those who met
the WHO defin it ion , had been  examined by a
physician  before our  invest iga t ion .

Children  who were seroposit ive and re-
mained both  asymptomat ic and PCR nega t ive
probably had su fficien t  immunity from vaccines
or  na tu ra l booster s to protect  them aga inst
per sist en t  colon iza t ion  and clin ica l disease. Their
seroposit ivity cou ld not  be due to vaccine because
the ch ildren  were t est ed more than  a  yea r  a ft er
having been  vaccina ted. Yet  not  a ll the ch ildren

were protected from in fect ion  and from colon iza -
t ion  with  the bacter ia . Whether  a  ch ild who is
serologica lly or  PCR posit ive for  per tussis and is
clin ica lly a symptomat ic is a  poten t ia l t r ansmit -
t er  of in fect ion  has not  been  established. Wha t  is
cer t a in , however , is tha t  vaccine-induced immu-
n ity aga inst  in fect ion  does not  per sist  th roughout
adu lthood. In  France, booster  vaccina t ions have
been  recommended for  adolescen t s and t eenag-
er s (18). We found tha t  immunity does not  even
persist  in to ea r ly ch ildhood in  some cases. We
a lso observed tha t  DPT vaccine does not  fu lly
protect  ch ildren  aga inst  the level of clin ica l
disease defined by WHO. Our  resu lt s indica te
tha t  ch ildren  ages 5-6 yea r s and possibly
younger , ages 2-3 yea r s, play a  role a s silen t
reservoir s in  the t r ansmission  of per tussis in  the
community. More studies a re needed to find the
immunologic basis of protect ion  aga inst  in fect ion
and colon iza t ion  and thus an  effect ive way to
eradica te per tussis.

Dr. Srugo is a senior lecturer and director of the Clini-
cal Microbiology and Pediatr ic Infect ious Disease unit  a t
the Bnai Zion Medical Center, Haifa , Israel.
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Pertussis is a highly contagious respiratory illness caused by the bacterial pathogen Bordetella pertussis. Pertussis rates in the
United States have escalated since the 1990s and reached a 50-year high of 48,000 cases in 2012. While this pertussis resurgence is
not completely understood, we previously showed that the current acellular pertussis vaccines do not prevent colonization or
transmission following challenge. In contrast, a whole-cell pertussis vaccine accelerated the rate of clearance compared to rates
in unvaccinated animals and animals treated with the acellular vaccine. In order to understand if these results are generalizable,
we used our baboon model to compare immunity from whole-cell vaccines from three different manufacturers that are approved
outside the United States. We found that, compared to clearance rates with no vaccine and with an acellular pertussis vaccine,
immunization with any of the three whole-cell vaccines significantly accelerated the clearance of B. pertussis following challenge.
Whole-cell vaccination also significantly reduced the total nasopharyngeal B. pertussis burden, suggesting that these vaccines
reduce the opportunity for pertussis transmission. Meanwhile, there was no difference in either the duration or in B. pertussis
burden between unvaccinated and acellular-pertussis-vaccinated animals, while previously infected animals were not colonized
following reinfection. We also determined that transcription of the gene encoding interleukin-17 (IL-17) was increased in whole-
cell-vaccinated and previously infected animals but not in acellular-pertussis-vaccinated animals following challenge. Together
with our previous findings, these data are consistent with a role for Th17 responses in the clearance of B. pertussis infection.

Whooping cough is a highly contagious, acute respiratory ill-
ness caused by the bacterial pathogen Bordetella pertussis

(1). In the prevaccine era, pertussis was rampant in the United
States with annual reported cases ranging from 150,000 to 250,000
per year and with fatality rates approaching 10% (2). The intro-
duction of combination diphtheria, tetanus, and whole-cell per-
tussis (DTwP) vaccines in the 1940s and a gradual increase in
vaccine coverage led to a dramatic decrease in pertussis incidence
with a nadir of 1,000 cases reported in 1976. Due to concerns over
the reactogenicity of the whole-cell pertussis vaccine and the pros-
pects of diminishing acceptance among parents, combination
diphtheria, tetanus, and acellular pertussis (DTaP) vaccines were
introduced in the United States in 1991 and replaced whole-cell
vaccines for all pertussis vaccinations in 1997. Currently acellular
vaccines are the only pertussis vaccines licensed in the United
States and much of the developed world (3). However, despite
95% vaccine coverage in infants, the annual number of reported
pertussis cases has been rising over the last 20 to 30 years in the
United States (4, 5). The rate of pertussis resurgence increased
dramatically following the introduction of acellular vaccines (6).
With nearly 50,000 cases reported in the United States in 2012, the
highest number since 1955, pertussis is the most common of the
vaccine-preventable diseases (7). This resurgence is mirrored in
other countries that exclusively use acellular pertussis vaccines,
including Australia and Great Britain, though other countries that
use acellular pertussis vaccines are not experiencing a similar re-
surgence (8–10).

While the pertussis resurgence is likely due to a multitude of
reasons, a widely held hypothesis for the resurgence is that whole-
cell pertussis vaccines provide better protection compared to that
of acellular pertussis vaccines (11–15). The most convincing evi-
dence for this hypothesis comes from a cohort study conducted in
Australia, following that country’s switch from DTwP to DTaP in
early 1999. Since children born in 1998 were vaccinated with all

DTwP doses, all DTaP doses, or a mixed series, Sheridan et al. were
able to compare relative risk among closely age-matched cohorts
during a pertussis outbreak from 2009 to 2011. Adolescents who
received all acellular pertussis vaccine doses were 3.3-fold more
likely to be diagnosed with pertussis compared to children vacci-
nated with only DTwP (13). Similar data have been observed
among adolescents during outbreaks in Oregon and California
(12, 14). While these data suggest that some whole-cell pertussis
vaccines are more effective than acellular pertussis vaccines, care
should be taken not to generalize these findings to all whole-cell
pertussis vaccines. During comparative clinical trials in the 1990s,
several licensed whole-cell pertussis vaccines were used as controls
for experimental acellular pertussis vaccines. DTwP vaccines
manufactured by Pasteur Mérieux, Behring, Wyeth-Lederle, and
SmithKline Beecham had efficacies of 92% to 98%, but a DTwP
vaccine from Connaught Laboratories had an extremely low effi-
cacy of around 40% (16–22). These data suggest that it is possible
for licensed whole-cell pertussis vaccines to pass recommended
potency assays but still have low efficacy.

We previously showed in our nonhuman primate model that
baboons vaccinated with a DTwP vaccine from one manufacturer
cleared B. pertussis colonization faster than unvaccinated animals
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and DTaP-vaccinated animals (23). In order to understand if
these results are generalizable, we used our baboon model to com-
pare immunity from DTwP vaccines from three different manu-
facturers, which are approved outside the United States. We found
that compared to no vaccine and acellular pertussis vaccine, im-
munization with any of the three DTwP vaccines significantly ac-
celerated the clearance of B. pertussis following challenge. Similar
to our previous data, there was no difference in the duration of
colonization between unvaccinated and DTaP-vaccinated ani-
mals, while previously infected animals were not colonized fol-
lowing reinfection. We also determined that transcription of the
gene encoding interleukin-17 (IL-17) was increased in DTwP-
vaccinated and previously infected animals but not in DTaP-vac-
cinated animals following challenge. Together with our previous
findings, these data are consistent with a role for Th17 responses in
clearing B. pertussis infection (23, 24).

MATERIALS AND METHODS
Ethics statement. All animal procedures were performed in a facility ac-
credited by the Association for Assessment and Accreditation of Labora-
tory Animal Care International in accordance with protocols approved by
the CBER Animal Care and Use Committee and the principles outlined in
the Guide for the Care and Use of Laboratory Animals by the Institute for
Laboratory Animal Resources, National Research Council.

Bacterial strains and media. B. pertussis strain D420 was grown on
Bordet-Gengou and Regan-Lowe plates prepared as described previously
(25). Heat-killed B. pertussis was prepared by resuspending to an optical
density at 600 nm (OD600) of 0.90 (5 ! 109 CFU/ml) in phosphate-buff-
ered saline (PBS) with a pH 7.4 and heating at 65°C for 30 min.

Vaccination, infection, and evaluation of baboons. Baboons obtained
from the Oklahoma Baboon Research Resource at the University of Okla-
homa Health Sciences Center were inoculated with human doses of DTaP or
DTwP administered intramuscularly (i.m.) at 2, 4, and 6 months of age. For
DTaP, three animals were vaccinated with the vaccine Daptacel (Sanofi Pas-
teur Ltd., Toronto, Canada), which is licensed in the United States. For
DTwP, two animals in each group were vaccinated with Triple Antigen (Se-
rum Institute of India Ltd., Pune, India), DT-COQ (Sanofi Pasteur, Marcy
l’Etoile, France), or Quinvaxem (Crucell-Janssen, Incheon, South Korea). All
DTwP vaccines meet the WHO recommendations for potency. See Table 1
for a summary of the components of each vaccine. Unvaccinated animals
were age matched. Previously infected animals (n " 3) were clear of B. per-
tussis infection for 1 to 2 months prior to reinfection. Direct challenge
studies were performed as described previously (25, 26). The inoculum
for each direct challenge was between 109 and 1010 CFU as determined by

the measurement of optical density and was confirmed by serial dilution
and plating to determine the number of CFU per milliliter of inoculum.
Baboons were evaluated twice weekly as described previously. Peripheral
blood was collected for enumeration of circulating white blood cells and
serum separation as previously described (25). In addition, peripheral
blood was collected into PAXgene Blood RNA tubes (Becton Dickinson,
Franklin Lakes, NJ) to stabilize mRNA in blood cells. PAXgene tubes were
frozen and stored at #20°C. Nasopharyngeal washes were performed as
described previously, and the recovered washes were diluted and plated
on Regan-Lowe plates to quantify B. pertussis cells (23). For each animal,
we calculated the area under the curve from the nasopharyngeal coloni-
zation data over the course of the infection. Briefly, the B. pertussis CFU
count in the nasopharyngeal wash was multiplied by the days between
samplings.

Detection of serum IgG antibodies to pertussis antigens. Nunc
MaxiSorp 96-well plates were coated overnight with 0.2 $g/ml pertussis
toxin (PT), 2 $g/ml pertactin (PRN), or 0.2 $g/ml fimbriae 2/3 (FIM) in
100 mM carbonate buffer, pH 9.6. Additional plates were coated with 0.5
$g/ml filamentous hemagglutinin (FHA) in PBS, pH 7.4. All antigens
were purchased from List Biologicals (Campbell, CA). For analyzing an-
tibody responses to whole B. pertussis cells, plates were coated with heat-
killed strain D420 prepared as described above. For coating, plates were
incubated at 28°C for PRN, FIM, and FHA or at 37°C for PT and B.
pertussis cells. After they were washed with PBS containing 0.05% Tween
20 (PBS-T), the plates were blocked for 30 min at room temperature with
PBS-T containing 1% powdered skim milk (Bio-Rad, Hercules, CA). The
plates were washed with PBS-T, and serum samples were added to dupli-
cate wells in 3-fold serial dilutions (1:100 to 1:218,700 dilutions in PBS-T
with 0.1% milk) and were incubated for 1 h at room temperature. The
plates were washed with PBS-T and then incubated for 30 min at room
temperature with horseradish peroxidase (HRP)-conjugated goat anti-
monkey IgG polyclonal antibody (catalog code AAI42P; AbD Serotec,
Raleigh, NC) diluted 1:10,000 in PBS-T with 0.1% milk. SureBlue TMB
microwell peroxidase substrate (KPL, Gaithersburg, MD) was used for
detection, and the reaction was stopped with 1 N HCl. Absorbance was
measured at 450 nm using a microplate reader (VersaMax; Molecular
Devices, Sunnyvale, CA). Each plate contained a standard curve from the
WHO international standard pertussis antiserum (NIBSC, Hertfordshire,
England) used to assign international units for PT, FHA, and PRN, and
relative units for FIM and B. pertussis cells.

Measurement of transcriptional activity by quantitative real-time
PCR. PAXgene tubes were thawed and allowed to equilibrate to room tem-
perature for 3 h. RNA was purified from the blood cells using the PAXgene
Blood RNA kit (Qiagen, Valencia, CA) and was converted to cDNA using a
high-capacity cDNA reverse transcription kit (Applied Biosystems, Carlsbad,

TABLE 1 Components of DTaP and DTwP vaccines used in this study

Component

Amount of each component in:

Daptacel Triple Antigen DT-COQ Quinvaxem

Diphtheria toxoida 15 20–30 !30 !30
Tetanus toxoida 5 5–25 !60 !60
Whole-cell B. pertussis (IU) !4 !4 !4
Inactivated pertussis toxin ($g) 10
Filamentous hemagglutinin ($g) 5
Pertactin ($g) 3
Fimbriae types 2 and 3 ($g) 5
Other components 10 $g Hib oligosaccharide conjugated

to % 25 $g of CRM 197, 10 $g of
hepatitis B surface antigen

Aluminum (Al3& ) content (mg) 0.33 from aluminum
phosphate

"1.25 from aluminum
phosphate

0.6 from aluminum
hydroxide

0.3 from aluminum phosphate

a Measured in limit of flocculation (Lf) for Daptacel and Triple Antigen and in international units for DT-COQ and Quinvaxem.
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CA). TaqMan gene expression assays (Applied Biosystems) for human
IL-17A (Hs99999082_m1), rhesus gamma interferon (IFN-')
(Rh02621721_m1), rhesus IL-4 (Rh02621716_m1), rhesus inducible
T-cell co-stimulator (ICOS) (Rh02621771_m1), and human RPLP0
(Hs00420895_gH) were chosen based on 100% homology of the primers and
probes to the baboon (Papio anubis) gene sequences (NCBI genome assembly
accession number GCA_000264685.1) and were tested and found to detect
baboon transcripts as expected. Gene expression was analyzed using TaqMan
Fast Universal 2! PCR master mix (No AmpErase UNG). Each reaction
mixture contained cDNA from 20 ng of RNA. Reactions were performed in
duplicate and were run on the Applied Biosystems ViiA 7 real-time PCR
system. Fold gene expression was calculated using the 2#((CT method, where
CT is the cycle threshold (27).

Statistics. All data are reported as mean ) standard error of the mean
(SEM). Statistical analyses were performed by analysis of variance
(ANOVA) with post hoc t test using JMP (version 10) software (SAS Insti-
tute Inc., Cary, NC, USA). CFU data were normalized by log transforma-
tion prior to analysis.

RESULTS
Serum antibody responses to B. pertussis antigens following
vaccination. Baboons were vaccinated at 2, 4, and 6 months of
age with one of three combination diphtheria, tetanus, and
whole-cell pertussis (DTwP) vaccines (Table 1). All three
DTwP vaccines are approved for use outside the United States
and met the potency standards determined by the World
Health Organization. As a comparator, age-matched baboons
were vaccinated at 2, 4, and 6 months of age with a combination
diphtheria, tetanus, acellular pertussis (DTaP) vaccine licensed
in the United States. At 8 to 9 months of age, serum samples
were collected from the vaccinated animals as well as from
age-matched unvaccinated animals and convalescent animals
(11 to 14 months of age) that were previously infected and
allowed to clear the infection. For all animals, we analyzed
serum IgG responses to the four pertussis antigens in the acel-
lular vaccine (PT, PRN, FHA, FIM) as well as to whole-cell B.
pertussis. As shown in Fig. 1, all of the vaccinated animals and
convalescent animals had robust responses against all of the B.
pertussis antigens and cells compared to unvaccinated animals.

B. pertussis colonization and pertussis symptoms following
challenge. One month following the third vaccination, all groups
of animals were challenged with B. pertussis strain D420, a recent
clinical isolate that is genetically similar to current circulating
strains (28). Twice weekly, samples were taken from the animals to
evaluate B. pertussis colonization and pertussis disease. Since leu-
kocytosis is the best marker for severe clinical pertussis in human
infants, we determined complete blood counts at each time point.
As shown in Fig. 2, leukocytosis was observed in unvaccinated
animals, but there was no increase in circulating white blood cells
in vaccinated or convalescent animals. In addition, while cough-
ing was readily observed in unvaccinated animals, the vaccinated
and convalescent animals were not observed coughing (data not
shown). These data suggest that all vaccinated and convalescent
animals were protected from pertussis disease following chal-
lenge.

To assess colonization following challenge, nasopharyngeal
washes were performed on each animal, and the recovered washes
were diluted and plated to quantify viable B. pertussis organisms.
Consistent with previous data, nasopharyngeal washes collected
from unvaccinated animals contained between 107 and 108

CFU/ml for the first 2 weeks following challenge, after which col-

onization gradually decreased (Fig. 3A). Unvaccinated animals
cleared the infection 30 days postchallenge on average (Fig. 3B).
Convalescent animals, which possess a robust adaptive immune
response, did not become colonized following challenge (Fig. 3A
and B). Compared to that of the unvaccinated animals, the ani-
mals receiving DTaP had a minor decrease in colonization for the
first 2 weeks. However, at subsequent time points there was no
appreciable difference between DTaP-vaccinated and unvacci-
nated animals. For the three groups vaccinated with DTwP, all
animals had initial colonization comparable to DTaP-vaccinated
animals, but all three groups cleared the infection an average of
17.5 days following challenge, roughly half the time compared to
DTaP-vaccinated animals (Fig. 3A and B).

In order to estimate the impact of the different vaccines on
bacterial shedding, we calculated the area under the curve for the
nasopharyngeal colonization data presented above. These data
provide a rough estimate of the total burden of nasopharyngeal B.
pertussis over the course of the infection. As presented in Fig. 4,
there was no statistical difference in total nasopharyngeal bacteria
in the unvaccinated animals versus the DTaP-vaccinated animals
(mean log10 values of 8.39 and 7.78, respectively). However, each
DTwP vaccine significantly reduced the total amount of nasopha-
ryngeal bacteria compared to that in the unvaccinated group.
When the three DTwP groups were combined, the average DTwP-
vaccinated animal showed a * 1,000-fold reduction in bacteria
compared to that of the unvaccinated animals (mean log10 value
of 5.35).

Memory cytokine responses following B. pertussis challenge.
Previous data from the baboon model showed that clearance of B.
pertussis following challenge was associated with the degree of
Th17 memory responses (23). Peripheral blood mononuclear
cells (PBMC) collected from convalescent animals prior to chal-
lenge displayed robust Th17 memory responses following re-
stimulation with heat-killed B. pertussis. PBMC collected from
DTwP-vaccinated animals had significant but milder Th17 mem-
ory responses while DTaP-vaccinated animals possessed Th2
memory but no Th17 response. In this study, we wanted to expand
upon these findings by investigating memory cytokine responses
stimulated in vivo following B. pertussis challenge. Blood samples
were collected in PAXgene tubes to stabilize mRNA transcripts.
Following RNA purification and conversion to cDNA, cytokine
transcript levels were quantified by real-time PCR. We analyzed
IL-17A, IFN-', and IL-4 transcript levels as markers for Th17,
Th1, and Th2 responses, respectively. To account for potential
differences in the numbers of circulating T cells, the cytokine tran-
script levels were normalized to ICOS, which is preferentially tran-
scribed in T cells. To increase our sample sizes and since we did not
observe any differences in protection between the different
groups, all six DTwP-vaccinated animals were pooled for this
analysis. As shown in Fig. 5, we detected an increase in IL-17A
transcripts in convalescent and DTwP-vaccinated animals at 5
days postchallenge, while no increase in IL-17A was observed in
DTaP-vaccinated or unvaccinated animals. At the time points
studied, no increases were seen in IFN-' or IL-4 transcripts in any
of the groups. We also determined that there was no increase in
ICOS transcription relative to the general housekeeping gene
RPLP0 in any of the groups. These data suggest that B. pertussis
infection stimulated an IL-17 memory response in convalescent
and DTwP-vaccinated animals, consistent with our previous find-
ings with the PBMC restimulation assay.
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DISCUSSION
Infection of baboons (Papio anubis) with B. pertussis results in a
disease that is very similar to severe clinical pertussis. Upon chal-
lenge with a recent clinical isolate of B. pertussis, baboons experi-
ence respiratory colonization for about 4 to 6 weeks, paroxysmal
coughing, and leukocytosis (25, 29). In addition, infected baboons
can transmit B. pertussis to unchallenged baboons by airborne
transmission (26). We previously showed that vaccination of ba-
boons with DTwP from one manufacturer accelerates the clear-
ance of B. pertussis following challenge compared to that in un-
vaccinated animals or DTaP-vaccinated animals and that
clearance was associated with induction of Th17 memory (23).

In the current study, we wanted to determine if these results are
generalizable to other DTwP vaccines. Baboons were vaccinated at

2, 4, and 6 months of age with one of three DTwP vaccines or with
a DTaP vaccine licensed in the United States. Each whole-cell
vaccine met WHO potency recommendations. We did not detect
major differences in the antibody responses to vaccination with
the four vaccines. All three whole-cell vaccines and the acellular
vaccine induced robust serum IgG responses to PT, PRN, FHA,
FIM, and whole-cell B. pertussis cells. Following challenge, there
was no difference in the duration of colonization between the 3
DTwP groups. All animals receiving a DTwP vaccine cleared the
infection an average of 17.5 days following challenge with a recent
clinical isolate. Unvaccinated animals and DTaP-vaccinated ani-
mals took about twice as long to clear the infection. We hypothe-
size that decreasing the duration and magnitude of B. pertussis
colonization would decrease the amount of pathogen shed in re-

FIG 1 Vaccination and previous infection induce robust serum antibody responses. Serum samples were collected from unvaccinated animals (n " 4),
DTaP-vaccinated animals (n " 3), convalescent animals (n " 3), and animals vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem; n " 2 per group)
1 week prior to challenge. Antibody responses to the four vaccine antigens, PT (A), FHA (B), PRN (C), FIM (D), and to heat-killed B. pertussis (E) were measured
by enzyme-linked immunosorbent assay (ELISA). International units (IU) or relative units (RU) in each sample were determined by comparing the responses to
the WHO international standard pertussis antiserum on each plate. For each group, the mean response is presented with error bars representing the standard
error (SE).
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spiratory droplets, thereby reducing the likelihood of transmis-
sion. As a surrogate for bacterial shedding and transmission, we
calculated the total burden of nasopharyngeal B. pertussis over the
course of the infection in each animal in this study. We found no
difference in total nasopharyngeal burden between unvaccinated
and DTaP-vaccinated animals. However, there was a * 1,000-fold
decrease in nasopharyngeal B. pertussis in DTwP-vaccinated ani-
mals compared to that in naive animals. These data suggest that
even though DTwP vaccines do not prevent infection, they likely
reduce the opportunity for B. pertussis transmission compared to
DTaP vaccines or no vaccination. While there was no significant
difference in B. pertussis burden between unvaccinated and DTaP-
vaccinated animals, it is important to keep in mind that the par-
oxysmal coughing in the unvaccinated animals likely increases the
likelihood of transmission compared to DTaP-vaccinated animals
that are asymptomatic.

These results add to our previous findings that a single DTwP
vaccination reduced the duration of colonization while DTaP vacci-
nation did not prevent B. pertussis colonization or transmission to
unvaccinated contacts (23). If true in humans, these data suggest
that people vaccinated with acellular pertussis vaccines can be-
come asymptomatically infected with B. pertussis and act as a res-
ervoir for circulation within communities. This hypothesis is sup-
ported by a recent study by Althouse and Scarpino (30). The
authors analyzed trends in reported pertussis cases and age-spe-
cific incidence rates from the United States and the United King-
dom and determined that in the two countries pertussis resur-
gence is best described by a model whereby acellular vaccines
allow for greater asymptomatic transmission compared to that of
whole-cell vaccines.

One possible explanation for the better protection afforded by
the DTwP vaccines is that these vaccines induce antibody re-
sponses to a wider breadth of antigens compared to the DTaP
vaccines that induce strong responses to a limited group of anti-
gens. Since DTwP vaccines consist of whole bacteria, they elicit
responses to many surface antigens not present in the DTaP vac-
cines. The antibody responses to these extra surface antigens may
lead to inhibition of initial attachment of the bacteria to the respi-
ratory epithelium. Additionally, we hypothesize that surface anti-

gens in the DTwP vaccines may stimulate higher titers of opsoniz-
ing antibodies to aid in neutrophil-mediated clearance of the
infection. Since DTwP vaccines, but not DTaP vaccines, induce
Th17 immune responses that promote neutrophil recruitment,
opsonizing antibodies would likely allow for more efficient clear-
ance of B. pertussis in DTwP-vaccinated animals than that in ani-
mals receiving the DTaP vaccine.

Th17 cells are a component of the adaptive immune response
that specializes in controlling extracellular pathogens such as B.
pertussis at mucosal surfaces by inducing granulopoiesis and re-
cruitment of neutrophils and macrophages to infected mucosal
sites (31). In a previous study, we detected a significant increase in
IL-17 in nasopharyngeal washes following B. pertussis infection of
unvaccinated baboons. This response was followed by significant
increases in downstream IL-17 effectors, including granulocyte
colony-stimulating factor (GCSF), IL-8, monocyte chemoattrac-
tant protein 1 (MCP-1), and macrophage inflammatory protein
1+ (MIP-1+) (24). Later, we determined that whole-cell vaccina-
tion and pertussis infection induces Th17 and Th1 memory in
baboons as determined by the presence of IL-17-secreting CD4&

FIG 2 Vaccination and prior infection prevent leukocytosis. Unvaccinated ani-
mals (n"4), DTaP-vaccinated animals (n"3), convalescent animals (n"3), and
animals vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem; n " 2
per group) were directly challenged with B. pertussis (n " 2 to 4 per group). The
mean circulating white blood cell counts before and after challenge are shown
for each group of animals. *, P , 0.05 versus preinfection from the same group.
For each group, the mean count is presented at every time point with error bars
representing the SE.

FIG 3 Effects of vaccination and previous infection on colonization. Unvac-
cinated animals (n " 4), DTaP-vaccinated animals (n " 3), convalescent an-
imals (n " 3), and animals vaccinated with DTwP (Triple Antigen, DT-COQ,
or Quinvaxem; n " 2 per group) were directly challenged with B. pertussis. (A)
Colonization was monitored by quantifying B. pertussis CFU per milliliter in
biweekly nasopharyngeal washes with a limit of detection of 10 CFU/ml. The
mean colonization is presented for each group and time point with error bars
representing the SE. (B) For each animal, the time to clearance is defined as the
first day that no B. pertussis CFU were recovered from nasopharyngeal washes.
The mean time to clearance is shown for each group (same sizes as above
except n " 3 for the unvaccinated group since one unvaccinated animal was
not followed to clearance). Since no B. pertussis organisms were recovered
from the convalescent animals, the mean time to clearance was defined as the
first day of sampling (day 2, indicated by the dashed line). *, P , 0.01 versus
naive.

Comparison of Whole-Cell Pertussis Vaccines

January 2016 Volume 23 Number 1 cvi.asm.org 51Clinical and Vaccine Immunology

 on M
arch 8, 2019 by guest

http://cvi.asm
.org/

D
ow

nloaded from
 

http://cvi.asm.org
http://cvi.asm.org/


memory T cells in peripheral blood samples. Acellular pertussis
vaccination did not induce appreciable Th17 responses but
skewed toward a mixed Th2 and Th1 phenotype (23, 24). In the
present study, we expanded upon these findings by analyzing cy-
tokine transcriptional responses in vivo during infection in pe-

ripheral blood samples. At 5 days following challenge, we detected
increased IL-17A transcript levels in convalescent and whole-cell-
vaccinated animals but not in unvaccinated or acellular-vacci-
nated animals. One apparent discrepancy with our previous data
is that we did not detect evidence of an increased IFN-' or IL-4
transcript, the markers for Th1 and Th2 responses, in any groups.
One possible explanation for this is that Th1 and Th2 responses
are not stimulated in vivo during a B. pertussis infection in ba-
boons. However, we think a more likely explanation is that we
failed to detect transient increases in IFN-' and IL-4 transcripts
prior to the first sample collection or between time points. Two
recent clinical studies corroborate the notion that DTaP induces
Th2 and Th1 responses in children and found no significant Th17
responses following vaccination (32, 33). However, there are cur-
rently no data on Th17 memory in DTwP-vaccinated and pertus-
sis-infected children. Together with these scant clinical data and
our previous findings, these data suggest that whole-cell pertussis
vaccination and B. pertussis infection induce a Th17 memory re-
sponse that aids in clearing B. pertussis infection. Meanwhile, acel-
lular pertussis vaccination results in antibody-mediated preven-
tion of pertussis symptoms but provides little protection against B.
pertussis colonization.

In the short term, plans for addressing the resurgence of per-
tussis should include continued efforts to enhance immunization
in children and adults. However, since acellular pertussis vaccines
may not impact B. pertussis circulation, additional strategies are
required to protect the most vulnerable members of the popula-
tion, including infants too young to be vaccinated. These new data

FIG 4 Whole-cell pertussis vaccines reduce total nasopharyngeal B. pertussis
burden. The total nasopharyngeal burden over the course of the infection was
estimated by calculating the area under curve of the serial nasopharyngeal
wash counts for each animal. The data are shown for each unvaccinated animal
(n " 3), DTaP-vaccinated animal (n " 3), convalescent animal (n " 3), and
each animal vaccinated with DTwP (Triple Antigen, DT-COQ, or Quinvaxem;
n " 2 per group), with a bar representing the mean value for each group. *,
P , 0.05 versus naive; **, P , 0.01 versus naive.

FIG 5 Cytokine responses during infection. Blood was collected into PAXgene tubes to stabilize RNA at the indicated time points before and during the infection.
RNA was converted to cDNA, and the transcript levels of the genes encoding IL-17A (A), IFN-' (B), and IL-4 (C) were analyzed by real-time PCR. For each
cytokine gene, the data are presented relative to ICOS transcript levels and are normalized to preinfection values. For each group, the mean response is presented
with error bars representing the SE. (D) The ICOS transcript was similarly analyzed relative to the housekeeping gene RPLP0. For all graphs, n " 3 for
unvaccinated and convalescent (Conv.), n " 2 for DTaP, n " 6 for DTwP. *, P " 0.01 for convalescent versus unvaccinated and DTwP versus unvaccinated.
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from the baboon model further highlight the Th17 response as a
possible candidate for a correlate of protection against B. pertussis
infection since greater Th17 responses are associated with the
more protective immune responses elicited by B. pertussis infec-
tion and DTwP vaccination. Taken together, immunity from
DTwP vaccination and pertussis infection may be more protective
because they induce antibody responses to prevent symptomatic
pertussis and Th17-mediated immunity to prevent B. pertussis
colonization. The most pressing long-term goal in the pertussis
research community is the development of a next-generation vac-
cine that combines the low reactogenicity of acellular pertussis
vaccines with the ability of natural infection and, to a lesser extent,
whole-cell vaccination to prevent colonization. Current strategies
to reach this goal include using novel adjuvants to boost Th17
responses from acellular pertussis antigens, engineering a nonre-
actogenic whole-cell pertussis vaccine, or administring a live-at-
tenuated strain of B. pertussis (34).
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Abstract
Objectives: To describe the epidemiology of 
pertussis, and to identify changes in the source of 
pertussis in infants 6 months of age and under, 
during the 2008–2012 epidemic in south metro-
politan Perth.

Design and setting: Analysis of all pertussis cases 
notified to the South Metropolitan Population 
Health Unit and recorded on the Western Australian 
Notifiable Infectious Disease Database over the 
study period. Information on the source of pertus-
sis was obtained from enhanced surveillance data.

Results: Notification rates were highest in the 
5–9 years age group, followed by the 0–4 years 
and 10–14 years age groups. There was a signifi-
cant increase in the proportion of known sources 
who were siblings from the early epidemic period 
of 2008–2010, compared with the peak epidemic 
period of 2011–2012 (14.3% versus 51.4%, 
p = 0.002). The majority of sibling sources were 
fully vaccinated children aged 2 and 3 years.

Conclusions: The incidence of pertussis was high-
est in children aged 12 years and under in this epi-
demic. At its peak, siblings were the most impor-
tant sources of pertussis in infants 6 months and 
younger, particularly fully vaccinated children aged 
2 and 3 years. Waning immunity before the booster 
at 4 years may leave this age group susceptible 
to infection. Even if cocooning programs could 
achieve full vaccination coverage of parents and 
ensure all siblings were fully vaccinated according 
to national schedules, waning immunity in siblings 
could provide a means for ongoing transmission 
to infants. Recent evidence suggests that maternal 
antenatal vaccination would significantly reduce 
the risk of pertussis in infants 3 months of age and 
under. Commun Dis Intell 2014;38(3):E195–E200.

Keywords: pertussis, whooping cough, infants, 
source, vaccination, immunisation

Introduction

The incidence of pertussis (whooping cough) has 
risen both in Australia and internationally over 

recent years, and large epidemics have occurred.1,2 
Increased clinician awareness and laboratory test-
ing are likely to be partially responsible for the 
apparent increase in disease incidence.3 However, 
the epidemiology of pertussis in Australia and 
the United States of America has also changed 
in recent times, with an increasing proportion of 
disease occurring in children.4–7 Possible reasons 
for this include the increasing use of less effective 
acellular vaccines8–10 and increasing circulation 
of Bordetella pertussis strains deficient of vaccine 
antigen.11,12 Within vaccinated populations, the 
fewer whole cell vaccines received, the greater the 
risk of pertussis.8,10 Additionally, immunity from 
acellular pertussis vaccination wanes more rapidly 
than that from whole cell vaccination.13–15 Pertussis 
morbidity and mortality are greatest in infants 
under the age of 6 months, who are too young to 
have completed a primary vaccination course. The 
implications of these changes for the source of 
infant pertussis remain unclear.

Household contacts are the most likely sources of 
infant pertussis, but there is variation in the propor-
tion of sources reported to be parents as opposed 
to siblings. A recently published Australian review 
on infant pertussis sources reported the source as 
a parent in 55% (range 39%–57%) and a sibling in 
16%–43%.16 The proportion of sources that were 
siblings varied widely between studies, in com-
parison to the proportion that were parents, which 
were more consistent. The conclusion was that 
siblings may be more important sources of infant 
pertussis than previously realised.16

A prolonged outbreak of pertussis occurred in 
Australia, including south metropolitan Perth, 
between 2008 and 2012. A cocooning strategy 
involving the vaccination of caregivers of newborns 
was implemented in Western Australia and ran for 
2011 and 2012 in attempts to protect newborns 
during the outbreak. This strategy can only be 
effective if caregivers are the main source of per-
tussis in infants.

Over the study period, the South Metropolitan 
Population Health Unit (SMPHU) collected 
enhanced surveillance data for pertussis cases in 
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children under 5 years of age. These data are not 
collected or reported at the national level so provide 
valuable additional information, particularly regard-
ing source of infection, to that routinely collected 
for the National Notifiable Diseases Surveillance 
System. This study aimed to describe the epidemi-
ology of the epidemic in south metropolitan Perth 
in relation to the source of infant pertussis, as well 
as any changes in the epidemiology and the source 
that occurred over the 5-year period.

Methods

The SMPHU is responsible for the follow up 
of notifiable diseases for the area covered by the 
South Metropolitan Health Service, which spans 
all of metropolitan Perth south of the Swan River 
and services approximately 37% of the Western 
Australian population.17 Over the study period, 
the SMPHU collected enhanced surveillance data 
for pertussis cases in children under 5 years of age. 
The process involves a trained public health nurse 
interviewing the treating doctor and caregiver of 
the notified case, in order to obtain further infor-
mation such as the likely source of infection and any 
high risk contacts. Enhanced surveillance defines 
a source of pertussis as a contact of the notified 
case who had either prolonged coughing illness 
or known pertussis infection, who was in contact 
with the notified case during the latter’s incuba-
tion period (from 6 to 21 days prior to symptom 
onset). In the case of multiple possible sources, the 
source was assumed to be the individual who first 
became symptomatic, provided that the source’s 
infectious period coincided with the notified case’s 
incubation period.

Enhanced surveillance data for notified cases in 
infants 6 months of age and under were examined 
retrospectively, as well as pertussis notification data 
recorded on the Western Australian Notifiable 
Infectious Disease Database (WANIDD) for all age 
groups. All confirmed and probable cases meeting 
the case definition for pertussis were included if 
the optimal date of onset of pertussis occurred any 
time from 1 January 2008 to 31 December 2012, 
and residential postcode was within the SMPHU 
catchment area. The optimal date of onset refers to 
the earliest date recorded on WANIDD reflecting 
disease onset. In some situations, such as those 
where the caregiver of the notified case could not 
be contacted by telephone, enhanced surveillance 
data were not available. Notified cases and sources 
were defined as being fully vaccinated for age if 
on the optimal date of onset of illness they had 
received all pertussis vaccinations recommended 
by the Western Australian immunisation sched-
ule for their age. This would potentially include 
vaccinations given within the 14 days preceding 
disease onset. The dates of vaccination for the 

source were not available so any such cases would 
be misclassified as being fully vaccinated for age at 
disease onset. Notified cases from the 2008–2010 
and 2011–2012 periods were compared because 
this distinction allowed comparison of the pre-
cocooning period with the cocooning period, and 
the early epidemic period with the peak epidemic 
period. Differences in age specific risk of infection 
as well as source of infant pertussis in the 2 periods 
were assessed.

Denominator data for notification rates were 
obtained from the Epidemiology Branch of the 
WA Department of Health. All analyses were 
performed in SPSS version 21. All comparisons 
were performed using chi-squared analyses or 
Fisher’s exact test for categorical variables, and 
Mann-Whitney U testing for continuous variables. 
The study was approved by the Curtin University 
Human Research Ethics Committee (protocol 
approval SPH-16-2013). Ethics approval was not 
sought elsewhere, as this study formed part of the 
core business of the SMPHU.

Results

There were 3,611 cases of pertussis notified to 
the SMPHU from 2008 to 2012, with this period 
demonstrating a dramatic increase in notifications 
in comparison with previous years (Figure 1). Of 
these cases, 37.3% (n = 1348) occurred in children 
12 years of age or under. At the peak of the epi-
demic in the December 2011 quarter, notification 
rates were markedly higher in children in age 
categories 14 years of age and under in comparison 
with the remainder of the population (Figure 1, 
Figure 2). The notification rate for the 5–9 years 
age group in the December 2011 quarter was 
341.4 per 100,000, and 243.0 per 100,000 for the 
10–14 years age group. Notification rates peaked 
in adults in this quarter also, but the amplitude of 
the peak was much less marked (56.0 per 100,000). 
Notification rates in children 4 years of age and 
under did not peak until the following quarter, at 
206.8 per 100,000.

Of the 115 cases of pertussis in infants 6 months 
of age and under, enhanced surveillance data were 
available for 106 (92.2%). The optimal date of onset 
was the date of symptom onset for 111 of 115 cases, 
and the laboratory specimen date for the remain-
ing four. There were no significant differences 
between those who had undergone enhanced sur-
veillance and those who had not, comparing gen-
der (p = 0.74), age (p = 0.56), ethnicity (p = 1.00) 
and hospitalisation status (p = 0.48).

The source was identified in 65 of 106 cases (61.3%). 
Two potential sources were identified for two of 
these cases, and one for the remaining 104 cases. 
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The proportion of sources whose diagnosis was 
confirmed with laboratory testing was unknown. 
Over the 5-year period, the source was a parent 
in 38.5% (n = 25) of cases and a sibling in 35.4% 
(n = 23) of cases. The most likely source of per-
tussis differed in the 2008–2010 period compared 
with the 2011–2012 period (Table). The proportion 
of parents as a source was lower in the 2011–2012 
period (32.4%, n = 12 versus 46.4%, n = 13). 
However this difference was not statistically sig-
nificant (p = 0.25). In contrast, the proportion of 
sources that were siblings was significantly higher 
in the 2011–2012 period (51.4%, n = 19 versus 
14.3%, n = 4; p = 0.002).

During the 2011–2012 peak epidemic period, 
the ages of 14 of 19 sibling sources were known. 
Eight of these sources were aged from 2 to 4 years 
with five being fully vaccinated, one partially vac-
cinated, one unvaccinated, and one of unknown 
vaccination status. The true number of children 
in the 2–4 years age group may have been higher 
as the ages of 5 children were not recorded. Three 
sources were aged 6–11 years, and three were aged 
12–19 years. Of all children in south metropolitan 
Perth diagnosed with pertussis in 2008–2012 and 
aged from 7 months to 4 years, 78.1% (n = 267) 
were fully vaccinated for age.

Discussion

Recent studies have shown an increasing incidence 
of pertussis in children but the implications of this 
for the source of infant pertussis have not been 
fully described. Identifying the source of pertussis 
in infants 6 months of age and under is crucial for 
the development of effective preventive strategies 
in this age group. However, the most likely source 
of infection will reflect local epidemiology, and if 

Figure 1: Notification rates of pertussis, south 
metropolitan Perth, 2008 to 2012, by quarter 
and age group

0

50

100

150

200

250

300

350

400

M
ar

 2
00

8

Ju
n 

20
08

S
ep

 2
00

8

D
ec

 2
00

8

M
ar

 2
00

9

Ju
n 

20
09

S
ep

 2
00

9

D
ec

 2
00

9

M
ar

 2
01

0

Ju
n 

20
10

S
ep

 2
01

0

D
ec

 2
01

0

M
ar

 2
01

1

Ju
n 

20
11

S
ep

 2
01

1

D
ec

 2
01

1

M
ar

 2
01

2

Ju
n 

20
12

S
ep

 2
01

2

D
ec

 2
01

2

N
ot

ifi
ca

tio
n 

ra
te

 p
er

 1
00

,0
00

Quarter

0-4 years

5-9 years

10-14 years

15-19 years

20 years or over

Figure 2: Notification rate of pertussis, south 
metropolitan Perth, 2008 to 2010 compared 
with 2011 to 2012, by age group
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Table: Source of pertussis in infants 6 months of age and under, south metropolitan Perth, 2008 
to 2010 compared with 2011 to 2012

2008-2010 2011-2012 Total

n

Known 
source 

%

Notified 
cases 

% n

Known 
source 

%

Notified 
cases 

% n

Known 
source 

%

Notified 
cases 

%
Parent 13 46.4 24.5 12 32.4 19.4 25 38.5 21.7
Sibling 4 14.3 7.5 19 51.4 30.6 23 35.4 20
Other household contact 3 10.7 5.7 2 5.4 3.2 5 7.6 4.3
Grand parent 3 10.7 5.7 3 8.1 4.8 6 9.2 5.2
Cousin 3 10.7 5.7 0 0 0 3 4.6 2.6
Other household contact 2 7.1 3.8 1 2.7 1.6 3 4.6 2.6
Total known source 28 37 65

Notified cases with available 
enhanced surveillance data

45 61 106

Notified cases 6 months of 
age and under

53 62 115
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the age specific risk of infection changes during 
epidemics, the source of pertussis in infants could 
vary at different points in the epidemic cycle. This 
study demonstrates changes in the source of infant 
pertussis corresponding with changing age specific 
risk of infection during an epidemic period.

Notification rates were highest in children in this 
epidemic, particularly at its peak in the 2011–2012 
period. This correlated with a dramatic rise in the 
proportion of sibling sources. There are several 
possible explanations for the high notification rates 
in children. Recent studies suggest that acellular 
pertussis vaccine immunity wanes more rapidly 
than that of the whole cell pertussis vaccine.8,10,13–15 
The vaccine effectiveness of the whole cell pertus-
sis vaccine previously administered in Australia 
was estimated at 91% (95% CI 85.5%–94.4%) 
in infants aged 8–23 months, and 84.5% (95% 
CI 78.3%–88.9%) in the 2–4 years age group.19 
In contrast, a recent Australian study reported 
the vaccine effectiveness of acellular vaccine to 
be 83.5% (95% CI 79.1%–87.8%) in infants aged 
6–11 months, falling to 70.7% (95% CI 64.5%–
75.8%) in children aged 2 years, and 59.2% (95% 
CI 51.0%–66.0%) in children aged 3 years.20 In 
the whole cell pertussis vaccine effectiveness study, 
children had received 5 doses of pertussis vaccine 
by age 5 (2, 4, 6, 18 months and 4 years). In con-
trast, the acellular pertussis vaccine effectiveness 
for the children aged 2 and 3 years was calculated 
for children receiving 3 doses of vaccine, reflecting 
the current pertussis vaccination schedule of 2, 4, 
6 months and 4 years.20

The high notification rates in children and the 
higher percentage of sibling sources could also be 
epidemic specific features, given the timing of this 
study. This is feasible as studies of contact patterns 
have shown high levels of assortative mixing in 
children.21 Age specific infection risk and infant 
pertussis source types may be different in the 
inter-epidemic period. This would be congruent 
with the findings of this study, given that propor-
tions of sources that were parents and siblings in 
the 2008–2010 period were comparable with those 
reported in previous literature.16 Even if high inci-
dence of pertussis in children and high proportions 
of siblings as sources are purely epidemic specific 
features, there are still implications for infant per-
tussis control measures during epidemics.

Cocooning programs are challenging to imple-
ment and there is no definitive evidence that they 
are successful in reducing the incidence of infant 
pertussis.22,23 Parents remain susceptible to per-
tussis for 14 days following immunisation, due to 
the time taken to mount an immune response.24 
The earlier parental immunisation is performed 
post-natally, the better protected infants will be, 

making hospital-based vaccination ideal. Barriers 
to this have been identified, including legal issues 
related to vaccinating fathers (who are not hospital 
patients), and the need to provide after-hours ser-
vices.25 In Western Australia in 2011, an estimated 
60% of mothers and 41% of fathers of newborns 
had been administered government funded pertus-
sis vaccine, although the timing of this vaccination 
post-natally is unknown (2012 data not available at 
the time of publication).26 These rates were similar 
to coverage rates reported in Victoria for the dura-
tion of their state wide cocooning program, where 
it was found that of those eligible, 68% of mothers 
and 49% of fathers were vaccinated.22 In metro-
politan areas of Victoria, 6% of mothers and 10% of 
fathers were vaccinated in the maternity hospital, 
compared with 70% of mothers and 42% of fathers 
in rural areas, suggesting that (particularly in 
metropolitan areas) vaccination may not have been 
given early enough in the neonatal period.22 In 
this study, although the proportion of sources that 
were parents was lower in the cocooning period 
(2011–2012) compared with the pre-cocooning 
period (2008–2010), this observation did not reach 
statistical significance. While this may be a real 
finding, there were insufficient numbers in this 
study to determine that. If the difference in the 
proportion of source cases that were parents in 
the 2 periods were real, cocooning may explain 
this reduction, but it is likely to be insufficient to 
explain the observed increase in the proportion of 
sibling sources.

The increasing proportion of sibling sources 
over time reflected the increasing proportion of 
pertussis notifications in children 12 years of age 
and under over the 2008–2012 epidemic. In the 
peak epidemic period, sibling sources of infec-
tion were most likely to be aged 2 or 3 years. This 
suggests that the impact of high notification rates 
was greatest in the youngest siblings, despite the 
greatest numbers of cases occurring in children 
aged 7–11 years. Possible reasons for this include 
that siblings tend to be close in age, and that 
younger children are generally less able to con-
trol respiratory secretions. The only other recent 
Australian study of infant pertussis sources had 
similar findings, demonstrating that siblings aged 
3 and 4 years were particularly important sources 
of infant pertussis during the 2009 epidemic in 
New South Wales.27 Dutch research published in 
2010 speculated that the high proportion of infant 
pertussis sources that were siblings (41%) in their 
study may have been related to the introduction 
of acellular pertussis vaccine in the Netherlands, 
as well as prior use of a less effective whole cell 
vaccine.24 In that study, the source was a sibling 
aged 1–4 years in 18% of cases (95% CI 12%–25%), 
a sibling aged 5–8 years in 15% of cases (95% 
CI 9%–21%), and a sibling aged 9–13 years in 
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8% of cases (95% CI 4%–13%). The vaccination 
schedule for that population involved vaccination 
at 2, 3, 4 and 11 months, with a booster at 4 years 
introduced 5 years prior to the commencement of 
the study. There is a possibility that with the intro-
duction of acellular pertussis vaccine, the interval 
between primary vaccination and booster doses in 
both the Dutch and Australian populations is now 
too long, resulting in waning immunity before the 
booster at 4 years. Even if all household contacts 
of newborns (including siblings) could be routinely 
fully vaccinated, the issue of breakthrough disease 
prior to the booster at 4 years would leave a certain 
proportion of siblings as possible infant pertussis 
sources, limiting the effectiveness of cocooning.

Vaccination in the 3rd trimester of pregnancy is an 
alternative measure for prevention of infant pertus-
sis, with the benefit of placental transfer of mater-
nal IgG to the infant. The vaccine effectiveness of 
the maternal antenatal vaccination program in the 
United Kingdom was estimated at 91% (84%–95% 
CI) for infants aged 3 months or less.28 Following 
the introduction of the program, significant reduc-
tions in infant pertussis mortality, numbers of 
confirmed cases and numbers of hospitalisations 
were reported.28 Adverse event surveillance has not 
detected any significant complications of maternal 
vaccination to date,29 but further investigation 
is required into the possibility of infant immune 
response blunting.28 Neonatal vaccination is an 
alternative possible means of infant pertussis con-
trol but similar concerns exist regarding immune 
blunting, requiring further study.30 More research 
is also required to determine whether these 
observed antibody responses translate into lower 
incidence of pertussis in infants.

This study is a retrospective review of the data 
collected as part of the routine surveillance of per-
tussis, meaning there are several limitations. The 
source of pertussis was unable to be identified in 
38.7% (n = 41) of cases who underwent enhanced 
surveillance. Previously published Australian 
studies on the source of infant pertussis have been 
unable to identify a source in 31%27 and 49%31 
respectively. This could be due to the source being 
an asymptomatic or mildly unwell household 
contact, or a contact from outside the household 
unknown to the notified case or caregiver under-
going interview. If previously vaccinated adults are 
more likely to experience mild or asymptomatic 
illness, the proportion of infant pertussis sources 
that were parents could be underestimated in 
studies relying on the recall of the notified case 
and epidemiologic linkage rather than laboratory 
testing. However, siblings were the most common 
source of infant pertussis in a recently published 
study, which performed laboratory testing on all 
household contacts in order to identify the source.24 

Another reason for the higher proportion of sib-
lings noted in the 2011–2012 period could be that 
as the epidemic progressed, clinician awareness 
of pertussis in younger children increased, with 
a concurrent increase in laboratory testing. If this 
were the case, previous reports of sibling sources 
of infant pertussis may have underestimated the 
true proportion of sources attributable to siblings. 
Regardless, there are still implications for infant 
pertussis prevention and control measures.

This study has shown that a rapid increase in 
notification rates in children at the peak of the 
2008–2012 epidemic in south metropolitan Perth 
was accompanied by a significant increase in sib-
lings as sources of pertussis in young infants. In 
the face of widespread vaccination with a less effec-
tive acellular pertussis vaccine, it seems likely that 
notification rates will remain high in children. 
Fully vaccinated siblings aged 2 and 3 years were 
the most important infant pertussis sources in the 
peak epidemic period of this study, suggesting that 
immunity may wane in this age group before the 
vaccine booster at 4 years . Even if it were possible 
to fully cocoon infants through a combination of 
parental vaccination and ensuring siblings were 
fully vaccinated, the possibility of transmission 
via breakthrough disease in siblings would persist. 
The risk of sibling transmission to infants would 
be significantly reduced through the addition of a 
pertussis vaccine booster at 18 months and mater-
nal antenatal vaccination, for which evidence of 
effectiveness at preventing pertussis in infants 3 
months of age or less is mounting.
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(See the Editorial Commentary by DeMaria Jr, on pages 1736–8.)

Background. Despite widespread childhood vaccination against Bordetella pertussis, disease remains prevalent. It
has been suggested that acellular vaccine may be less effective than previously believed. During a large outbreak, we
examined the incidence of pertussis and effectiveness of vaccination in a well-vaccinated, well-defined community.

Methods. Our center provides care to 135000 patients, 40% of the population of Marin County, California. A
total of 171 patients tested positive for B. pertussis from 1 March to 31 October 2010 by polymerase chain reaction
(PCR). Electronic medical records were reviewed for demographic characteristics and vaccination status.

Results. We identified 171 cases of clinical pertussis, 132 of which were in pediatric patients. There was a notable
increase in cases among patients aged 8–12 years. The rate of testing peaked among infants but remained relatively
constant across ages until 12 years. The rate of positive tests was low for ages 0–6 years and increased among preado-
lescents, peaking among those aged 12 years. The vaccination rate among PCR-positive preadolescents were approxi-
mately equal to that of controls. The vaccine effectiveness was 41%, 24%, and 79% for children aged 2–7 years, 8–12
years, 13–18 years, respectively.

Conclusions. Our data suggests that the current schedule of acellular pertussis vaccine doses is insufficient to
prevent outbreaks of pertussis. We noted a markedly increased rate of disease from ages 8–12 years, proportionate to
the interval since the last scheduled vaccine. Stable rates of testing ruled out selection bias. The possibility of earlier or
more numerous booster doses of acellular pertussis vaccine either as part of routine immunization or for outbreak
control should be entertained.

Whole-cell pertussis vaccination has been shown to be
highly effective at reducing rates of pertussis in young
children [1]. The acellular pertussis vaccines were
introduced in the United States in 1991. Although
comparably efficacious, adverse reactions from acellu-
lar pertussis vaccination are markedly reduced, when
contrasted with whole-cell vaccine [2]. For this reason,
the acellular vaccine is now the sole pertussis vaccine

used in the United States, despite its higher cost. Effi-
cacy for the acellular pertussis vaccine has been
between 84% and 85% for children and 92% for ado-
lescents and adults [2, 3]. More recently, there have
been suggestions that the efficacy of the acellular
vaccine may not be as robust as reported in these
initial studies [4–6]. These vaccines have not been
extensively studied for clinical efficacy in North
America, and no studies exist for long-term immuno-
genicity. Additionally, it is well-known that immunity
in response to natural infection is limited in duration
and persists for 4–20 years [7]. Despite this lack of
data on the durability of acellular pertussis vaccine,
recommendations were made by the Centers for
Disease Control and Prevention (CDC) Advisory
Committee on Immunization Practices (ACIP) to
follow the existing schedule for the more effective
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whole-cell vaccine (ie, ages 2, 4, 6, and 15–18 months and 4–6
years) [8, 9].

In 2006, the ACIP broadened the recommendation to include
vaccination of adolescents for pertussis. This was enabled by
the 2005 licensure of acellular pertussis vaccines (ie, vaccines
containing tetanus and diphtheria toxoids and acellular pert-
ussis [Tdap]) for adolescents and adults. The new guidelines
recommend a Tdap booster at the age of 10–12 years to address
the limited durability of pertussis vaccine. A 1-time booster for
adults was recommended to address the persistent reservoir in
adolescents and adults [10, 11].

During 2010, California experienced the largest epidemic of
pertussis in 53 years. Statewide, the incidence was 20 cases per
100000 people [12]. This is the highest rate in California since
1958, when there was an incidence of 26 cases per 100000 [12].
Marin County had the second highest incidence in the state,
with 136.48 cases per 100000 people [12]. San Rafael Kaiser
Permanente Medical Center was at the epicenter of this epi-
demic. In reviewing cases confirmed at our medical center
during this outbreak, we noted effective protection of younger
children. Our unvaccinated and undervaccinated population did
not appear to contribute significantly to the increased rate of
clinical pertussis. Surprisingly, the highest incidence of disease
was among previously vaccinated children aged 8–12 years. We
sought to examine the factors that resulted in this peak.

METHODS

Approval for the study was obtained from the Institutional
Review Board of the Kaiser Foundation Research Institute
(Oakland, CA). Kaiser Permanente Medical Center in San
Rafael, California, is the primary source of care for 135000
people, the majority of whom reside in Marin County. This
medical center consists of a core hospital with 120 inpatient
beds and 6 associated clinics. Approximately 40% of the total
population of 252409 in Marin County receives their care
solely at this medical center [13, 14]. Kaiser Permanente is an
integrated healthcare system, with its own laboratories, hospi-
tals, and clinics, and uses an electronic medical record. This
structure permits review of all laboratory results, hospitaliza-
tions, and outpatient visits in Northern California.

Nasopharyngeal specimens for pertussis testing were ob-
tained using a BD BBL Cultureswab with liquid Stuart media
(BD catalog no. 220133; Becton, Dickinson and Company,
Franklin Lakes, NJ). Laboratory testing is centralized. Real-
time polymerase chain reaction (PCR; Cepheid Corporation,
Sunnyvale, CA) analysis is the basis of all pertussis testing,
with required concomitant testing for both Bordetella pertussis
and Bordetella parapertussis performed using the Cepheid
GeneXpert platform, which amplifies IS481 or IS1001 for de-
tection of B. pertussis or B. parapertussis, respectively.

All patient data were retrieved from the electronic medical
record, including those for case patients and the population as a
whole. At the start of the epidemic, the Department of Pedi-
atrics made a practice agreement that any patient between 0 and
18 years of age with ≥1 week of unexplained cough-associated
illness would undergo PCR analysis for pertussis. Any intimate
contact of a person with known pertussis and cough symptoms
would also be tested for pertussis. The department is a part of
an integrated health system, and clinical guidelines and practice
advisories are generally followed in a rigorous manner. No
additional epidemiologic information was recorded.

All positive PCR results for B. pertussis from this medical
center between 1 March and 31 October 2010 were identified,
and patient records were reviewed for age, vaccination status,
vaccination refusal, and date of most recent vaccination before
clinical pertussis presentation. Vaccination status was categor-
ized using the CDC vaccination guidelines [8–10]. Patients who
had completed the full number of CDC-recommended vaccine
doses for their age at the time of clinical presentation were
identified as being current with the vaccination schedule. If a
patient had record of past vaccinations but received fewer than
the recommended number, the patient was identified as under-
vaccinated. If a patient had no record of past vaccinations, their
charts were reviewed further to determine whether vaccination
was received elsewhere or whether a personal belief exemption
or permanent medical exclusion was identified.

The manufacturers of vaccines administered prior to 2002
could not be retrieved. Vaccines used since 2002 included In-
fanrix, Pediarix, and Boostrix (GlaxoSmithKline, Research Tri-
angle Park, NC) and Daptacel, Pentacel, and Adacel (Sanofi
Pasteur, Bridgewater, NJ).

Data were entered into an Excel 2007 data sheet for pro-
cessing (Microsoft, Redmond, WA). Information was then
anonymized.

Statistical analysis was completed using R (R Foundation
for Statistical Computing, Vienna, Austria) with the accessory
packages Deducer (Ian Fellows) and Java Gui for R (Markus
Helbig, Simon Urbanek, and Ian Fellows).

Vaccine effectiveness was calculated using the screening
method [15], as follows:

VE ¼ 1" PCV
1" PCV

# 1" PPV
PPV

;

where PCV is defined as the proportion of cases vaccinated,
PPV is defined as the proportion of population vaccinated,
and VE is defined as vaccine effectiveness. For the purposes of
this calculation, cases were divided into ages 2–7 years, 8–12
years, 13–18 years, and 2–18 years. Cases aged <2 years were
excluded, as they would not have completed the recommended
vaccination course. We defined the age groups to permit

Limited US Pertussis Vaccine Durability • CID 2012:54 (15 June) • 1731

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/article-abstract/54/12/1730/452864 by guest on 06 M

arch 2019



contrast between age groups with high and low pertussis inci-
dences. We also selected the 13–18-year age group to reflect
the vaccine dose recommended at ages 10–12 years.

RESULTS

We identified 171 individuals who were PCR positive for
B. pertussis; 48% male and 52% female. There were no fatal-
ities. Ages ranged from infancy to 90 years. Vaccine histories
were generally unavailable for those aged >18 years, and these
patients were therefore excluded. Of the 132 individuals
(77.2%) aged ≤18 years at time of illness, 81% were fully vac-
cinated, 11% were undervaccinated, and 8% were never vacci-
nated. Of the 103 individuals (60.2%) aged ≤12 years, 85%
were fully vaccinated, 7% were undervaccinated, and 8% were
never vaccinated.

There were 22798 patients aged ≤18 years in our patient
population. In this group, vaccination rates across ages were
excellent, ranging from 88%–94%. Among confirmed cases of
pertussis, vaccination rates were comparable in the groups
aged 2–7 years and 8–12 years, when contrasted with age-

matched controls. Among the 58 cases of pertussis in children
aged 10–12 years, 55 (95%) had received ≥5 doses of pertussis
vaccination. Eight of these 58 children (14%) had received
their sixth booster dose prior to onset of disease. In children
aged 13–18 years and in the entire cohort of those aged 2–18
years, there was a highly significant increase in cases among
unvaccinated children (P = .009 and .01, respectively; Table 1).

Rates of laboratory-confirmed clinical pertussis among fully
vaccinated children showed a broad increase from ages 8
through 13 years. Calculated annualized attack rates among
vaccination children, stratified by age, ranged from 0 cases
per 100000 persons-years, among patients aged 2 years,
to 3666 cases per 100000 person-years, among patients aged
12 years. This disparity was highly significant (P = .002, by the
1-sample t test; Figure 1). Nonannualized, age-specific att-
ack rates among vaccinated children ranged from 0 cases per
100000 population, among patients aged 2 years, to 1981
cases per 100000 population, among patients aged 10 years.

During the study period, 1358 persons aged ≤18 years were
tested for pertussis. The rate of laboratory testing for pertussis
is shown in Figure 1. Testing rates were highest among infants
but decreased among patients >12 years old. PCR positivity
rates for pertussis are shown by age in Figure 2. The lowest
rate was 2% and occurred among patients aged 2 years, and
the highest rate was 36% (95% confidence interval, 24%–38%)
and occurred among patients aged 12 years.

Vaccine effectiveness, determined on the basis of the
screening method, was determined to be 41%, 24%, 79%, and
51% for patients aged 2–7 years, 8–12 years, 13–18 years, and
2–18 years, respectively [15] (Table 2).

DISCUSSION

Pertussis is one of the most prevalent vaccine-preventable dis-
eases in the developed world [16]. Despite widespread

Table 1. Attack Rates Among Vaccinated Patients and Among
Undervaccinated and Unvaccinated Patients

Attack Rate, Cases/100000
Person-Years

Age Group
(Years)

Vaccinated
Persons

Undervaccinated and
Unvaccinated Persons P a

2–7 359 606 .57
8–12 2453 3211 .43
13–18 452 2189 .009
2–18 1011 2073 .01

Abbreviation: PCR, polymerase chain reaction.
a By the t test.

Figure 2. Bordetella pertussis testing rate and test positivity, by age.
Abbreviation: PCR, polymerase chain reaction.

Figure 1. Pertussis attack rate and polymerase chain reaction testing
rate. Abbreviation: PCR, polymerase chain reaction.
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childhood vaccination and a greatly reduced incidence, there
are still many cases, with outbreaks peaking every 2–5 years
[17]. The incidence in the United States has been estimated to
be between 800000 and 3.3 million cases per year [17]. The
primary reason for these large numbers is believed to be a per-
sistent reservoir of disease in adolescents and adults, which
the revised CDC vaccine schedule sought to address [10, 11].
We found lower than expected protection from disease by the
primary 5-dose series of acellular pertussis vaccine, suggesting
that pertussis vaccine, administered according to the current
guidelines, may not adequately protect the preadolescent and
early adolescent populations.

Surprisingly, in the 2–7-year and 8–12-year age groups,
there was no significant difference in attack rates between fully
vaccinated children and both undervaccinated and unvacci-
nated children; however, the attack rate in the 2–7-year age
group, vaccinated or not, was significantly lower than that in
the 8–12-year age group (P = .002). The 13–18-year age group
and the aggregate of all age groups did demonstrate a signifi-
cantly increased risk for pertussis in the undervaccinated and
unvaccinated group, possibly demonstrating the enhanced
protection of the booster vaccination dose at the age of 12
years. There were 2 overnight admissions for observation, but
no other hospitalizations were reported among our cohort,
suggesting a mitigating effect of the current vaccine.

We noted a marked disparity between the lower attack rates
among children aged <8 years and children aged >12 years and
the higher attack rates for children aged 8–12 years. This differ-
ence was highly significant (P = .002). The sharp increase in the
number of cases among children aged 8 years appears to corre-
late to the interval from the end of the preschool vaccine series.
There is a decrease in the number of cases occurring at among
those aged ≥13 years, corresponding to the booster dose given
from ages 10–12 years (Figure 1). This is confirmed by examin-
ation of the mean interval from last vaccination, grouped by
age, among our laboratory-confirmed clinical cases (Figure 3).
These findings may be explained by the patterns of pertussis
vaccination, which reflect ACIP recommendations and statutory
requirements in California [8, 9, 18].

Our data suggest that susceptibility increases as the interval
from the last scheduled vaccination increases. This would lead
to a reduced level of herd immunity within an age group, re-
sulting in greater risk of acquisition of disease by vaccinated
yet unprotected individuals [19]. It also brings into question
the durability of the immunity provided by the acellular per-
tussis vaccine.

Vaccine effectiveness calculations were performed using the
screening method, which uses the odds ratio of full vacci-
nation between cases and the general population to determine
VE [15]. In this study, we were able to accurately determine
the population vaccination rate and identify all cases within
the patient population and their vaccination status. Our
vaccine effectiveness data confirm markedly lower than ex-
pected protection afforded by the preschool series of acellular
pertussis vaccinations in the 8–12-year age group.

It is important to note that our calculations of vaccine effective-
ness were limited by the number of cases. Vaccine effectiveness, a
useful metric for estimating vaccine performance, is not a substi-
tute for traditional, placebo-controlled trials to determine true
vaccine efficacy, and the values are not interchangeable [6, 15].
However, vaccine effectiveness can also be more useful than
vaccine efficacy, when it comes to evaluating the success of a
vaccine. Vaccine effectiveness quantifies easily and on a large
scale the performance of the vaccine in a real-world environment.

It has been suggested that acellular pertussis vaccine may
have reduced efficacy when contrasted with whole-cell pertus-
sis vaccine [4, 9]. It has also been suggested that the acellular
pertussis vaccine may have a reduced durability of immunity,
and no vaccine trial has examined immunity from these vac-
cines beyond 22 months [2]. The recommendation for booster
vaccination between 10 and 12 years of age may be too late to
provide protection to this group.

Fortunately, the aggressive vaccination schedule for younger
children appears to effectively protect those <5 years of age,

Figure 3. Mean interval between clinical presentation and receipt of
the last scheduled acellular pertussis vaccine in fully vaccinated persons.

Table 2. Vaccine Effectiveness, by Age

Age, Years PPV, % PCV, % Effectiveness, % (95% CI)

2–7 91 86 41 (21–54)
8–12 89 86 24 (0–40)
13–18 89 62 79 (73–84)
2–18 90 81 51 (44–58)

Abbreviations: CI, confidence interval; PCV, proportion of cases fully
vaccinated; PPV, proportion of the population fully vaccinated.
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except infants <6 months of age, who remain vulnerable. High
efficacy in the first year or two after primary vaccination is
well documented [2, 20–22]. Transmission from parents has
been recognized to be a high risk to infants, but older siblings
may introduce the disease into a household and therefore also
present a direct risk to the infants [23, 24]. This natural demo-
graphy of familial transmission underscores the importance of
our findings. We confirmed vaccine failures and probable de-
creased herd immunity among this group of preteens.

A final consideration involves the difference in vaccine per-
formance between endemic pertussis and an outbreak situ-
ation. At-risk exposures are logarithmically increased during
an outbreak, markedly enhancing the risk of acquisition of
disease [19].

Most studies of clinical pertussis have been based on passive
reporting to health departments, lack defined population
denominators, and have potential selection bias in testing rates
or methods. Our study examines a stable, defined population
having well-recorded vaccination histories, a well-defined rate of
disease, and uniformly documented laboratory testing. The prac-
tice agreement to test all prolonged cough-associated illness
helps eliminate bias toward enhanced reporting of cases with
complications or toward overreporting when all cough-associated
illness is sampled. The high percentage of persons in our com-
munity who obtain their care solely from our medical center pro-
vides an ideal opportunity to examine a population. Reporting
bias in our data is virtually eliminated by the structurally com-
plete capture of patient data. If there were ascertainment bias, the
rate of testing would suggest dampening, not accentuation, of the
age-based differences in rates of disease in our population.
However, since the rate of testing is relatively flat by age, ascer-
tainment bias is likely minimal. The documentation of prior vac-
cinations permitted accurate ascertainment of vaccination status.

There were limitations to our study. It was retrospective.
Many clinicians believe that pertussis vaccination is highly effec-
tive and, because of this, may not suspect or test for pertussis in
vaccinated children [25]. Pertussis testing in our study was not
part of a protocol, although the practice agreement sought to
reduce effects of variance in clinician practices. Previous investi-
gations have shown that that vaccination results in a shorter, less
severe illness, which may have contributed to minor cases being
missed and an underestimation of the pertussis incidence [26].

PCR testing was not confirmed by concomitant bacterial
culture in our study; however, PCR testing has generally been
demonstrated to be highly specific [27]. Difficulty discriminating
certain strains of Bordetella holmesii or Bordetella bronchiseptica
from B. pertussis and B. parapertussis has been recognized [28].
B. holmesii was unlikely to have been present in our population,
as there were no specimens positive for both B. pertussis and
B. parapertussis. Amplification of both sequences (IS481 and
IS1001) would have been expected if B. holmesii were present, as

this organism contains both of these sequences in its genome
[28, 29]. Among cases reported to the California Department of
Public Health, there were no isolates of either B. holmesii or B.
bronchiseptica, and B. bronchiseptica rarely causes disease in im-
munocompetent individuals [29, 30].

It is notable that, despite the high level of vaccine coverage
in our population, relative to the United States, 11% of our chil-
dren are not fully vaccinated; therefore, our population does
not reach levels of protection required for herd immunity [31].
When contrasted to with rates of vaccination in European
countries, our relatively high rate falls short [32].

This is the first review of clinical pertussis in a large North
American outbreak since the acellular vaccine was introduced.
It examined the frequency of disease in a closed, well-
monitored population. We confirmed that the rate of vaccine
failure increased as the interval from receipt of the primary
vaccine series increased.

In the case of the recent California epidemic, it appears that
the effectiveness of the current vaccine schedule, when paired
with the imperfect vaccination rate, may be insufficient to
prevent an epidemic. Earlier vaccine booster doses may be re-
quired to provide adequate herd immunity, absent an increase
in vaccination rate, efficacy, or durability. Earlier booster doses
could prevent immunity from waning and address disease
among children aged 8–12 years. Recent recommendations
from the ACIP have supported the safety of administration of
Tdap to individuals as young as 7 years of age, regardless of
prior vaccination histories [33]. Research into natural pertussis
immunity and more durable and effective vaccines should be
expanded. An earlier booster dose and targeted vaccine pro-
grams are strategies that should be entertained and could be
vital to controlling widespread outbreaks of disease. Use of tar-
geted vaccine programs in adolescence, rather than delivery of
additional boosters defined by age, might be an alternative vac-
cination strategy that would address parental concerns regard-
ing additional scheduled vaccine doses and increased cost.
Further research is needed to evaluate the long-term efficacy of
the acellular pertussis vaccine, as well as the potential benefits
or adverse effects of introducing an earlier booster dose.
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Bordetella pertussis shows polymorphism in two proteins, pertactin (Prn) and 
the pertussis toxin (PT) S1 subunit, which are important for immunity. A 
previous study has shown antigenic shifts in these proteins in the Dutch B. 
pertussis population, and it was suggested that these shifts were driven by 
vaccination. The recent Italian clinical tr ial  provided the opportunity to 
compare the frequencies of Prn and PT 51 subunit variants in strains isolated 
from unvaccinated children, and from children vaccinated with two acellular 
and one whole-cell pertussis vaccine. Four Prn variants (Prnl, Prn2, Prn3 and 
Prn5) were found in the 129 strains analysed. Prnl, Prn2 and Prn3 have been 
described previously, whereas Prn5 is a novel variant. Prnl ,  Prn2, Prn3 and 
Prn5 were found in, respectively, 6,41, 51 and 2% of the strains. The B. 
pertussis strains used to produce the vaccines administered in the clinical tr ial  
were found to produce Prnl, or a type which differed from Prnl  in one amino 
acid. The frequency of the Prnl  variant was found to be lowest in the strains 
isolated from vaccinated groups, suggesting that Prnl  strains are more 
affected by vaccine-induced immunity than Prn2 and Prn3 strains. Only one PT 
51 type (SlA) was observed in the examined strains, which was distinct from 
the types produced by the vaccine strains (SlB and SlD). The S1A type also 
predominates in the Dutch B. pertussis population. The genetic relationship 
among B. pertussis strains analysed by ISl002-based DNA fingerprinting 
revealed that three fingerprint types predominate, representing more than 
70% of the strains. Prn2 strains showed a greater variety of fingerprint types 
compared to Prn3, suggesting that Prn3 has emerged more recently. The 
results are discussed in the light of vaccine-driven evolution. 

I Keywords : Bordeteffa pertussis, protective antigens, polymorphism 

INTRODUCTION adhesion processes 
antigens responsible 

Bordetella pertussis, the aetiological agent of whooping tussis. 
cough, produces many virulence factors (Leininger et 
al., 1990, 1991 ; Relman e t  a[., 1989; Weiss & Hewlett. _ _  Obtained - - -  in  

to host tissues and are 
for inducing immunity to 

studies with experimental 

critical 
B. per- 

animal 
1986). A‘nurnber of these facto 
filamentous haemagglutinin, 
fimbriae, are proteins involved 

rs, p&tussis toxin (PT); models showed that these antigens are efficacious in 
pertactin (prn) and preventing B. pertussis infections, thus supporting their 
in intoxication and/or use in the new generation of acellular pertussis vaccines 

(Cahill et al., 1993; Edwards, 1993; Kimura & Kuno- 
Sakai, 1990; Peppoloni et al., 1995; Shahin et al., 1990). 

Abbreviations : Prn, pertactin; PT, pertussis toxin. 

The GenBank accession number for the sequence in this paper is NO1 1016. 
Recent clinical trials, successfully conducted in countries 
with a traditionally low rate of vaccination with the 

0002-3181 0 1999SGM 2069 



Downloaded from www.microbiologyresearch.org by
IP:  24.17.50.247

On: Sat, 09 Mar 2019 00:24:48

P .  M A S T R l 4 N T O N I O  a n d  O T H E R S  

whole-cell pertussis vaccine, demonstrated the high level 
of efficacy of some new acellular pertussis vaccines 
containing the above-mentioned antigens (Ad Hoc 
Group for the Study of Pertussis Vaccines, 1988; Greco 
et al., 1996; Trollfors et al., 1995; Willems & Mooi, 
1996). 

T h e  resurgence of pertussis experienced during recent 
years in countries with a long tradition in pertussis 
vaccination, such as the United States, the Netherlands, 
Canada and Australia (Andrews et al., 1997; Bass & 
Wittler, 1994; de Melker et al., 1997; De Serres et al., 
1995), prompted researchers to determine whether 
vaccination had affected the population structure of B. 
pertussis and had resulted in antigenic shifts (Mooi et 
al., 1998; van der Zee et al., 1996). The  results of these 
recent studies indicate a shift in the population structure 
of strains isolated in successive time periods and a 
divergence in the PT and Prn proteins between vaccine 
strains and clinical isolates. In particular, three Prn 
variants (Prnl ,  Prn2 and Prn3) and four P T  S1 subunit 
variants (S lA,  SlB, S1C and S1D) were identified. The  
variants showed differences a t  the amino acid level, and 
the epidemiological data suggest that these changes may 
have been driven by vaccination (Mooi et al., 1998). 

The  availability of strains collected during the recent 
Italian field trial (Greco et al., 1996; Mastrantonio et al., 
1995), in which the efficacy of a number of pertussis 
vaccines was evaluated, provided a unique opportunity 
to  compare strains isolated from vaccinated and un- 
vaccinated children. Furthermore, it allowed us to 
compare strains from regions which, in the years before 
the beginning of the trial, presented different vaccine 
coverages (Cinquetti et al., 1994; Lo Palco et al., 1995). 

METHODS 

Study population. Starting in 1993, 1.5601 infants at the age of 
2 months were enrolled in a double-blind clinical trial to 
evaluate the efficacy of two new acellular pertussis vaccines. 

Three pertussis vaccines combined with diphtheria and 
tetanus toxoids (DTP) were included : the whole-cell DTP 
vaccine manufactured by Connaught Lab and two acellular 
vaccines (DTPa), one manufactured by Chiron and the other 
by SmithKline Beecham Biologicals (SKB). Both the acellular 
vaccines contained three pertussis antigens : PT, filamentous 
haemagglutinin and Prn. 

A fourth vaccine arm in the trial, from now on referred to as 
the unvaccinated group, was made up of 1555 children who 
received only diphtheria and tetanus toxoids. The trial study 
design and its results, previously published (Greco et af., 
1996), showed that each of the two acellular vaccines was 
8 4 %  efficacious after three doses whereas the efficacy of the 
whole-cell DTP vaccine was 36 "/o. 

The active surveillance of the cohorts of children which 
received acellular vaccines is still ongoing through a mean age 
of 5 years, maintaining the same case definition and methods 
of case ascertainment (Salmaso et af., 1998). 

Bacterial strains. One hundred and twenty nine B. pertussis 
strains out of 344 isolated in the years 1993-1995 from cases 

2070 
~~ 

occurring in the unvaccinated and vaccinated groups have 
been investigated for the present study. Thirty strains were 
isolated from recipients of DTPa SKB, 27 from recipients of 
the DTPa Chiron, 24 from the Connaught whole-cell DTP 
vaccine recipients and 48 from unvaccinated children. These 
strains were isolated in the four different regions participating 
in the trial: Friuli (n=4) ,  Veneto (n=37) ,  Piemonte (n=37)  
and Puglia (n=51). All the strains were isolated from cases 
fulfilling the W H O  clinical case definition of at least 21 d of 
paroxysmal cough. 

The analysis was initially performed on an equal percentage of 
randomly chosen strains, isolated from vaccinated and un- 
vaccinated children and collected in equal proportions in the 
Northern regions which had higher pre-trial vaccination 
coverage (Piemonte, Veneto and Friuli) and in the Southern 
region of Puglia with a lower pre-trial vaccination coverage. A 
further 24 B. pertussis strains isolated in Puglia were later 
added to the sample. 

Sequence analysis of the genes for Prn and the PT 51 subunit. 
DNA sequencing of relevant regions of the prn and sl  genes 
was performed on PCR fragments as described by Mooi et af. 
(1998). Sequence analyses of prn were confined to  the two 
regions comprising 400 bases and encoding the repeats GGxxP 
and PQP, designated regions 1 and 2, respectively. Region 1 
was sequenced in all strains. Since no polymorphism had been 
previously observed in region 2, this region was sequenced in 
one out of five strains. Since PrnS was a new type, its gene was 
sequenced completely. The sequence revealed that poly- 
morphism was restricted to region 1. The sl  gene was 
sequenced completely. The S1 and Prn types of the Chiron and 
SKB vaccine strains (W 165 and Tohama, respectively) were 
also determined. The  origin of the strain used for the 
Connaught whole-cell vaccine was unknown. Therefore, the 
S1 and Prn types were determined with the vaccine preparation 
used in the field trial. After amplification, the PCR products 
were sequenced. Appropriate negative controls were used to 
monitor possible contamination. 

DNA fingerprinting. Strains were fingerprinted by hybrid- 
ization of SmaI-digested DNA with a probe derived from 
ISl002, essentially as described by van der Zee et af. (1996). 
Three to four external standards in each gel were used 
to facilitate comparison of fingerprint types between gels. 
After transfer to a membrane, hybridizing bands were detected 
with the Enhanced Chemiluminescence Gene Detection Sys- 
tem (Amersham International). Exposed films were read with 
a scanner at 190 d.p.i. (HP Scanjet IIcx/T; Hewlett Packard). 

Computer-assisted analysis of the IS1002 fingerprint patterns 
was carried out using GelCompar software (Windows N T  
version 4.1, Applied Maths, Kortrijk, Belgium). 

Statistical analysis. P values (two-sided) were calculated with 
the chi-square test. 

RESULTS 
Polymorphism in Prn 

Sequence analyses of p m  were confined to  the two  
regions encoding the repeats GGxxP and PQP, desig- 
nated region 1 and region 2, respectively (Mooi et al., 
1998). Consistent with earlier observations only poly- 
morphism in region 1 was found. Polymorphism in 
region 1 is probably generated by insertion or  deletion of 
a repeat unit encoding the (closely related) repeats 
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P r n l  BGp APA GGAVP GGAVP GGAVP GGFGP GGFGP - - - - -  VL 
P r n 2  W APA GGAVP GGAVP GGFGP GGFGP GGFGP GGFGP VL 
P r n 3  BGp APA GGAVP GGAVP GGFGP GGFGP GGFGP - - - - -  VL 
P r n 5  W APA GGAVP GGFGP GGFGP GGFGP - - - - -  - - - - -  VL 

Fig. 7. Amino acid sequence variants of Prn observed in B. 
pertussis strains isolated in Italy during the trial for the efficacy 
evaluation of acellular pertussis vaccines. In Prn2, Prn3 and 
Prn5, differences with respect to Prnl are indicated in bold. 
The RGD sequence involved in adherence to host tissues is 
underlined. 

GGAVP and GGFGP. Four Prn variants were found in 
the 129 strains analysed in this study, designated Prnl ,  
Prn2, Prn3 and Prn5 (Fig. 1). Prnl ,  Prn2 and Prn3 have 
been described previously (Mooi et al., 1998), whereas 
PrnS represents a novel type. 

Interestingly, in one of the strains the size of the PCR 
product indicated that an insertion had occurred in 
region 2. DNA sequencing revealed that a copy of the 
insertion sequence element IS481, which is present in 
approximately 80 copies in the B .  pertussis chromosome 
(MacLafferty et al., 1988), was inserted into region 2 of 
the p m  gene. The  size of the IS element was consistent 
with the increase in size of the PCR fragment. 
T h e  Chiron and SKB vaccine strains contained Prnl .  
The  Connaught vaccine preparation contained DNA 

encoding a novel Prn type. This type was identical to  
Prnl  in regions 1 and 2, except for a single non-silent 
mutation outside the region encoding the PQP repeats 
(not shown). 
Table 1 shows the distribution of the Prn variants 
among the strains isolated in the four different groups of 
the Italian trial. Prn3 was the most prevalent, being 
present in 51% of all strains tested, followed by Prn2 
(41 "/o) .  Prnl  was detected in 6% of strains examined. 
Interestingly, six of the eight Prnl  strains had been 
isolated from unvaccinated children. The  newly de- 
scribed PrnS seems to be rare ( 2 % ) .  Prn2 and Prn3 were 
equally distributed between the two acellular vaccine 
groups, whereas in the whole-cell vaccine group the 
Prn3 was predominant over Prn2 (63 versus 33%) .  T h e  
differences between distribution of variants among the 
three vaccine groups and the unvaccinated group were 
not significant. However, when the vaccinated groups 
were pooled an interesting difference, although not 
statistically significant, in the Prnl frequency could be 
observed compared to the unvaccinated children (13 and 
2 ' /o,  respectively ; P = 0.08). 
Table 2, showing the Prn variant distribution among 
regions, indicates that  most Prnl  strains (five out  of 
eight) were isolated in Puglia, the region with a low 
vaccination coverage (41 %) against pertussis during the 
years before the trial. Interestingly, in the same region, 

Table 1. Distribution of Prn variants among 129 B. pertussis strains isolated in different 
vaccine groups of the Italian clinical trial 

Values are the number of strains, with the percentage in parentheses. 

Prn variant Vaccine group Total (%) 

Unvaccinated Chiron SKB Connaught 

1 
2 
3 
5 
Total 

6 (13) 2 (7) 0 0 8 (6) 
17 (35) 12 (45) 16 (53) 8 (33) 53 (41) 

14 (47) 15 (63) 65 (51) 23 (48) 13 (48) 
2 (4) 0 0 1 (4) 3 (2) 

48 (37) 27 (21) 30 (23) 24 (19) 129 (100) 

Table 2. Distribution of Prn variants among 129 B. pertussis strains isolated in different 
Italian regions participating in the clinical trial 
...................................................................................................................................... .. .............................................................................................. 

Values are the number of strains, with the percentage in parentheses. 

Prn variant Region Total (%) 

Friuli Veneto Piemonte Puglia 

1 
2 
3 
5 
Total 

0 1 (3) 2 (5) 5 (10) 8 (6) 
4 (100) 10 (27) 15 (41) 24 (47) 53 (41) 

0 25 (67) 20 (54) 20 (39) 65 (51) 
0 1 (3) 0 2 (4) 3 (2) 

4 (3) 37 (28) 37 (28) 51 (41) 129 (100) 
~ 
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Fig. 2. Normalized DNA fingerprint types found in strains 
isolated during the Italian field trial. The numbers on the left 
refer t o  the sizes of DNA markers. 

Prn3, predominant in other regions, was exceeded by 
Prn2. 

The  addition of another 24 strains from Puglia to the 
initial sample of 105 to further search for other strains 
with Prnl  or  PrnS only confirmed the results already 

obtained, although this caused a final imbalance in the 
proportion of strains among the various groups. 

IS1002-associated RFLP in B. pertussis strains 

To investigate the genetic relationship among the B. 
pertussis isolates characterized by the presence of 
different Prn variants, 76 out of the 129 strains studied 
for the Prn polymorphism were analysed for ISI002- 
associated RFLP. 
The  analysis was performed on all the strains with the 
newly described PrnS, on most strains with Prnl ,  and on 
a similar number of Prn2 and Prn3 randomly chosen, 
ensuring that more than 5 0 %  of strains with a specific 
Prn type were analysed. 

Fourteen different fingerprint types were observed (Fig. 
2). Three fingerprint types were found to predominate, 
29, 12 and 35, which represented 41, 23 and 11 '/o of the 
strains, respectively (Table 3).  These three fingerprint 
types also predominate in the Netherlands (unpublished 
data).  The  Prnl  strains belonged to the RFLP types 12 
and 29. Strains with Prn3 belong to five different RFLP 
types with a predominance of types 12 and 29. Strains 
with Prn2 belonged to 12 different types with a 
predominance of types 29 and 35. Many unique finger- 
print types were found in the Prn2 group. The  three 
strains with Prn5 showed the same fingerprint type 10. 
Interestingly, fingerprint type 35 was detected only 
among Prn2 strains, fingerprint type 12 predominated in 
strains with Prn3 and fingerprint type 29 was equally 
distributed among strains with different Prn variants. 
The  differences in fingerprint frequencies between Prn2 
and Prn3 strains were significant ( P  = 0.002). T h e  num- 
ber of Prnl and Prn5 strains which were fingerprinted 

Table 3. Fingerprint types in relation to the Prn variants in 76 B. pertussis strains isolated 
during the Italian clinical tr ial  

Fingerprint type Prn variant Total (%) 

~~ -~~ ~- __ ~ - - 

7 
9 
10 
12 
19 
26 
28 
29 
3.5 
55 
63 
70 
71 
72 
No. of strains (%) 
No. of fingerprint types 

1 2 3 5 

0 
0 
0 
3 
0 
0 
0 
2 
0 
0 
0 
0 
0 
0 

5 (7)  
2 

1 
1 
1 
1 
2 
2 
0 
13 
8 
1 
3 
1 
1 
0 

35 (46) 
12 

0 
0 
0 
13 
0 
0 
1 

16 
0 
2 
0 
0 
0 
1 

5 
33 (43) 

0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
3 (4) 
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Table 4. Distribution of different fingerprint types in 76 
B. pertussis strains isolated from vaccinated and 
unvaccinated children participating in the Italian clinical 
trial 

Values are the number of strains, with the percentage in 
parentheses. 

Fingerprint type Vaccinated Unvaccinated 

7 
9 

10 
12 
19 
26 
28 
29 
35 
55 
63 
70 
71 
72 
No. of strains (%) 
No. of fingerprint 

tY Pes 

- 

1 (3) 
31 (100) 

8 

was too low for meaningful analysis. As far as 
differences between strains from vaccinated and un- 
vaccinated children are concerned (Table 4), types 12 
and 29 are predominant in both groups (67 and 58 '/o, 
respectively) while type 35 seems to be mainly present in 
the latter (16%), although numbers are again too low 
for meaningful analysis. A difference in the types was 
also observed since only types 10, 12, 19, 26, 29 and 35 
are present in both groups. 
Geographical distribution is shown in Table 5. Finger- 
print type 29 showed a more or less equal distribution 
among the regions. The frequency of fingerprint type 12 
was much higher in Veneto (34 % )  than in Piemonte and 
Puglia (18 and 16%, respectively). For the other 
fingerprint types showing unequal distributions, in- 
cluding type 35, the number of strains involved was 

quite low and the significance of these findings remains 
to be substantiated. When the analysis was limited to the 
three dominant fingerprint types (12, 29 and 3 9 ,  only 
differences between Puglia and Veneto were found to be 
significant ( P  = 0.044). 

PT 51 subunit polymorphism 

Thirty B. pertussis strains (19 from vaccinated and 11 
from unvaccinated children) were analysed for poly- 
morphism in the s l  gene. All the strains showed 
sequences of the sl gene corresponding to the s l A  
variant, also observed in the majority of the recent 
Dutch isolates of B. pertussis (Mooi et al., 1998). The 
Chiron and SKB vaccine strains contained SlB,  while the 
Connaught vaccine preparation contained DNA 
encoding S1D. 

DISCUSSION 
The recent literature (Andrews et al., 1997; Bass & 
Wittler, 1994; de Melker et al., 1997; De Serres et al., 
1995) has documented the increase in the incidence of 
pertussis in highly vaccinated populations, and this has 
led to the hypothesis that B. pertussis strains have 
evolved which are less affected by vaccine-induced 
immunity (Mooi et al., 1998; Weiss & Hewlett, 1986). 
Indeed, in a previous study of the Dutch B. pertussis 
population it was found that antigenic shifts had 
occurred in two proteins important for immunity, Prn 
and PT, resulting in antigenic divergence between 
vaccine strains and clinical isolates (Mooi et al., 1998). 
The availability of strains collected during the recent 
Italian field trial (Greco et al., 1996; Mastrantonio et al., 
1995) provided a unique opportunity to compare strains 
isolated from vaccinated and unvaccinated children, and 
from regions which had different vaccine coverages 
during the years before the beginning of the Italian trial. 

In Italy, most of the children were not vaccinated against 
pertussis for the fear of side effects until the beginning of 
the double-blind clinical trial (Greco et al., 1996) and the 
registration of the two acellular vaccines in 1995. It is 
noteworthy, however, that the previous vaccination 
policy differed from region to region, resulting in areas 
with higher coverage, such as the Veneto, Piemonte and 

~~ ~ 

Table 5. Fingerprint types of 76 B. pertussis strains isolated in the four Italian regions participating in the clinical trial 

Values are the number of strains, with the percentage in parentheses. 
~~~ ~ 

Region Fingerprint type Total 

7 9 10 12 19 26 28 29 35 55 63 70 

Friuli 0 0 0 0 0 0 0 1 (25) 3 (75) 0 0 0 0 0 4 
Piemonte 0 0 0 2 (18) 0 1 (9) 0 6 (55) 0 0 0 1 (9) 0 1 (9) 11  
Puglia 1 (3) 0 3 (10) 5 (16) 1 (3) 1 (3) 1 (3) 14 (45) 2 (7) 0 3 (10) 0 0 0 31 
Veneto 0 1 (3) 1 (3) 10 (34) 1 (3) 0 0 10 (34) 3 (10) 3 (10) 0 0 1 (3) 0 30 
Total 1 ( 1 )  l ( 1 )  4 (5)  17 (23) 2 (3) 2 (3) 1 (1)  31 (41) 8 (11)  3 (4) 3 (4) 1 ( 1 )  l ( 1 )  l ( 1 )  76 
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Friuli regions, and areas with a lower coverage, such as 
Puglia. However, figures for vaccination coverage in 
those years have been published only for Veneto and 
Puglia, respectively, 81 and 41 '/o (Cinquetti et al., 1994; 
Lo Palco et al., 199.5). 

The  results of this study showed the circulation of four 
different Prn variants, Besides the three Prn variants 
found in the Dutch B. pertussis population, Prnl ,  Prn2 
and Prn3 (Mooi et al., 1998), a novel type, Prn5, was 
observed. The  Prnl  variant is contained in the two 
acellular vaccines while the whole-cell DTP vaccine used 
in the field trial contained a Prn type which differed from 
Prnl in one amino acid. Further, it seems likely that the 
Prnl variant is also present in the whole-cell vaccines 
introduced in Italy in the 1950s and used previous to the 
field trial. This assumption is based on the observation 
that 2.5 strains, originating from a number of different 
countries ( i x .  France, USA, UK, Japan, Finland, China 
and Australia) and isolated before 1960, all contained 
the Prnl variant (F. R. Mooi, unpublished data). Among 
the Italian strains analysed, the frequency of Prnl  was 
low compared to Prn2 and Prn3 (6, 41 and 5 1 % ,  
respectively). T h e  PrnS variant was only observed in 
three strains, suggesting it may have emerged recently. I t  
is interesting that, in contrast to Prn2 and Prn3, the 
frequency of Prnl  was lower in the vaccinated group 
compared to the unvaccinated group (2 versus 13 70). 
Moreover the Prnl variant was detected mainly ( i x .  five 
out of eight Prnl strains) in Puglia, the region with a low 
vaccination coverage during the years before the trial. 
These observations suggest that strains with Prnl  are 
more affected by vaccine-induced immunity than strains 
with Prn2 or  Prn3 as already hypothesized in the Dutch 
study (Mooi et al., 1998). 

Strains with Prn3 were observed at  a higher frequency in 
regions with a high vaccination coverage previous to the 
trial (Veneto and Piemonte, Prn3 frequencies 67 and 
5 4 % ,  respectively) compared to the region with low 
coverage (Puglia, Prn3 frequency 3 9 % ) .  In the group 
vaccinated with the Connaught whole-cell vaccine 
during the field trial, the frequency of Prn3 was nearly 
two times higher than the Prn2 frequency (63 and 33 '/o, 
respectively). Although not statistically significant these 
data taken together suggest that vaccination with whole- 
cell vaccines is less effective against Prn3 strains com- 
pared to Prn2 strains. There was no evidence for 
different efficacies of acellular vaccines against strains 
with Prn2 or Prn3, as the frequencies of these Prn types 
were similar in the groups vaccinated with acellular 
vaccines. 

Four P T  S1 types (SlA-D) have been described (Mooi et 
al., 1998), of which only S1A was found in the Italian 
strains. A similar observation was made within the 
Dutch B. pertussis population, although S1B was also 
detected at  a low frequency (Mooi et al., 1998). We 
found that the acellular and whole-cell vaccines used 
during the trial contained S1B or  SID. Thus,  both with 
respect to Prn and PT, the Italian clinical isolates showed 
distinct variants when compared to  vaccine strains. I t  is 

2074 
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important to  note that, notwithstanding these 
differences between clinical isolates and vaccine strains, 
the acellular vaccines have been shown to be efficacious 
in the field trial (Greco et al., 1996). 

IS1002-based fingerprinting revealed three dominant 
fingerprint types (12,29 and 35) that comprised 74 '/o of 
the strains. The  same three types were found to 
predominate in the Dutch B. pertussis population (van 
Loo et al., 1999). It is possible that these types may have 
spread because they are less affected by vaccine-induced 
immunity. 

The  distribution of the three dominant fingerprint types 
within the four Prn variants showed types 12 and 29 
equally represented in the five analysed strains with the 
Prnl  variant (60 and 40%, respectively) and in those 
with the Prn3 variant (36 and 47 70, respectively). In the 
Prn2 strains, type 29 predominated (37%) ,  followed by 
type 35 (24 '/o ) and, at  a very lower frequency, by type 12 
(3 "/o). Interestingly, in the Prn2 group, a greater number 
of different fingerprint types was observed compared to 
the Prn3 strains. In fact in 35 Prn2 strains we detected 12 
fingerprint types whereas in 33 Prn3 strains only five 
types were observed. This is consistent with the ob- 
servation made on a larger sample of Prn3 strains 
collected in the Netherlands, and it suggests that Prn3 
strains are genetically less diverse than Prn2 and may 
have evolved more recently (van Loo et al., 1999). The  
populations consisting of Prn2 and Prn3 strains were 
significantly different with respect to the frequency of 
fingerprint types ( P  = 0-OOZ), suggesting distinct lineages. 
Thus it seems unlikely that strains switch their Prn type 
by insertion or  deletion of repeats with a high frequency. 

In conclusion, these data suggest that despite the fact 
that the vaccine coverage in Italy has been lower than in 
the Netherlands, the population structure of B. pertussis 
in the two countries was quite similar. This may be 
taken as evidence that the B. pertussis population 
structure was not affected by vaccination. Alternatively, 
the population structure may have been influenced by 
import from neighbouring countries with a high vaccine 
coverage. Finally, it is conceivable that even a relatively 
low vaccine coverage, like the one in Italy before the 
trial, has a significant effect on the bacterial population. 
The  assumption that vaccination affects the B. pertussis 
population structure is consistent with the observation 
that vaccination selects against distinct strains. For 
example, strains with Prnl  (the vaccine type) are isolated 
with a lower frequency from vaccinated individuals 
compared to unvaccinated individuals (this study ; Mooi 
et al., 1998). Further, the Prnl  variant was detected 
mainly ( i x .  five out of eight Prnl  strains) in Puglia, the 
region with a low vaccination coverage during the years 
before the trial. Recently it has been shown that the 
presence of antibodies against Prn and P T  correlate with 
clinical protection (Cherry et af . ,  1998; Storsaeter et al., 
1998). T h e  circulation of variants in these antigens, 
which are part of most acellular vaccines, should be 
carefully monitored in view of their possible influence 
on vaccine efficacy. 
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“Energy and persistence conquer all things.”
— Benjamin Franklin

It is amazing that in the 21st century, more than 100 years since
Jules Bordet discovered the organism that bears his name, Bor-
detella pertussis, we are far from a full understanding of the or-
ganism, the disease, the correlates of protection, and the ideal
vaccine. Unlike many infectious diseases, natural infection
does not give lifelong immunity, and unlike our best vaccines,
immunity after vaccination is more or less transient. Therefore,
it is not surprising that control of pertussis is relatively poor, al-
though generalizations are difficult because of geographical
differences.

The whole-cell pertussis vaccine that evolved in the 20th cen-
tury was clearly reactogenic, although the permanence of its se-
quelae was exaggerated. Nevertheless, reactions were disturbing
to parents and, even worse, whole-cell vaccines were extremely
variable in the protection they gave, as was starkly evident in the
results of the trials conducted in the 1990s, in which whole-cell
vaccines were used as comparators to acellular vaccines. Specif-
ically, whole-cell vaccines made in some European countries
were shown to be much more efficacious than one made in
the United States. The efficacy of vaccines made by laboratories
in other parts of the world remains uncertain.

The reactions to whole-cell vaccines in high-income coun-
tries, including convulsions and hypotonic episodes, led to its
rejection and replacement by acellular vaccines composed of
1–5 virulence factors of the organism. The fact that the compo-
sition of acellular vaccines has been so variable, both in the
number of antigens and their concentration, testifies to the un-
certainty about which factors are important, an ignorance that
continues today to a certain extent. However, there was general
agreement that pertussis toxin (PT), with its multiple systemic
and local effects, should be included as toxoid. There was

disagreement as to the need to add filamentous hemagglutinin
(FHA), pertactin, and fimbria.

The situation today is that in many middle-income countries,
notably in Latin America, whole-cell vaccines made by a variety
of manufacturers are widely used with varying and uncertain
evidence for safety and efficacy. However, in most high-income
countries, including the United States, Australia, and Western
Europe, acellular vaccines are the rule, but waning immunity
has resulted in a resurgence of pertussis. Moreover, the tenden-
cy of low- and middle-income countries to switch to acellular
pertussis vaccines has stopped in its tracks pending improve-
ments in them. And yet, as this supplement shows, pertussis re-
mains a problem regardless of the economic level of a country.
If immunity to the infection is impermanent even after natural
infection, it is even less so after vaccination. The result is the
continued circulation of the bacterium in family contacts, re-
gardless of their vaccination history, resulting in exposure of
vulnerable newborns.

So what is the way forward? I submit that one of the first
steps, perhaps under the aegis of the World Health Organiza-
tion, is to examine all the whole-cell vaccines being used in
the world today for evidence of safety and immunogenicity,
both with regard to antibody responses to the known protective
antigens such as PT, pertactin, and fimbrial agglutinogens and
also T-cell orientation: Th1, Th2, and Th17. These results could
allow the elimination of weakly immunogenic and strongly re-
actogenic whole-cell vaccines in favor of better ones.

The second step, not surprisingly, consists of improvements
in acellular vaccines. A key study would be to determine wheth-
er the results in baboons suggesting that acellular vaccines do
not prevent carriage of Bordetella pertussis and therefore do
not confer herd immunity can be confirmed or contradicted
in humans. It may be that the acellular vaccines reduce but
do not eliminate nasopharyngeal carriage, but even this infor-
mation would be critical.

Beyond that, there are some steps that seem obvious. First is
the replacement of chemically inactivated PT with genetically
inactivated PT. This would avoid the destruction of epitopes
that induce bactericidal antibodies and increase the immune re-
sponse to PT, perhaps prolonging it so that waning immunity
would be less pronounced. Second, various adjuvants that
give stronger immune stimuli than aluminum compounds
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should be tested to determine whether a more Th1/Th17 orien-
tation would prolong protection by acellular vaccines. Now that
oil-in-water adjuvants and Toll-like receptor agonists have been
used in other vaccines, it is not impossible to consider going be-
yond alum.

An important question in this regard is whether children who
received acellular vaccines in infancy can have their immune
systems reoriented by an adjuvanted vaccine. However, as it ap-
pears that even 1 dose of whole-cell vaccine in infancy orients
pertussis immune responses toward later persistent protection,
reorientation of the immune response by an adjuvanted vaccine
may not be possible.

What other components should be added to new acellular vac-
cines? The increased prevalence of pertactin-negative strains
argue against the inclusion of this antigen in future vaccines.
FHA appears to provide some improvement in protection by
PT vaccines, and the evidence for the importance of fimbrial ag-
glutinogen 2 is fairly solid. Beyond that, one enters into unknown
territory and regulatory uncertainty. Adenylate cyclase is the most
obvious choice for an additional antigen, but there are many
other virulence factors that have been proposed. Perhaps most in-
triguing is the idea of using an attenuated B. pertussis strain as a

booster of nasopharyngeal and systemic immunity against pertus-
sis. The latter possibility should be urgently explored.

However, it should be remembered that the current acellular
pertussis vaccines have not been complete failures. In fact, they
do give strong immediate protection of vaccinated children against
serious disease. Their problem is to achieve persistent memory that
prolongs the protection beyond 2–3 years. To solve this deficiency,
we must learn more about B-cell memory and about how to orient
T-cell responses to aid persistence of protection. In addition, those
countries that continue to use whole-cell vaccines must be certain
that the ones they use are as immunogenic and safe as possible.
This supplement is a step in the direction of resolving problems
with one of the oldest vaccines still in use, as well as its modern
avatar that turned out not to be as good as we hoped.
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Guiding principles for developing ACIP recommendations for vaccination during 
pregnancy and breastfeeding              
April 10, 2008 
 
Formulating policy to guide vaccination of women during pregnancy and breastfeeding is 
challenging because the evidence-base to guide decisions is extremely limited.  In the past, ACIP 
has not provided guidance to workgroups on either the process to formulate policy for this 
population or the format and language for recommendations.  As a result, workgroups have taken 
a variety of approaches to considering and presenting the issues, resulting in a diversity of 
recommendations that vary in clarity and underlying rationale. .  The principles presented here 
provide guidance to help standardize both the process of policy formulation and the format and 
language of recommendations for pregnant and breastfeeding women.  All ACIP statements 
about vaccines and other biologics for use in adolescents or adults should include a background 
section on vaccination during pregnancy and breastfeeding and provide explicit pregnancy and 
breastfeeding recommendations using standardized language as outlined below.  To arrive at 
pregnancy and breastfeeding recommendations, ACIP workgroups or subject matter experts 
charged with developing vaccine statements should review the process suggestions outlined 
below.  These suggestions, while similar to the process generally followed by workgroups, focus 
specifically on issues related to pregnancy, breastfeeding and decision making in the absence of 
a strong evidence-base. 

 
1. This document and appendix provide a brief overview of specific issues related to 

vaccination during pregnancy and breastfeeding 
 
2. Guidance for the pregnancy and breastfeeding background section  

a. Title:  “Vaccination of women during pregnancy and breastfeeding” 
b. Scope: This section should address the following core topics with a narrow focus 

on the vaccine product/s in question  
i. Disease burden: pregnant women, fetus, newborns and young infants 

ii. Vaccination during pregnancy 
1. Objective and rationale: (clear statement of the primary 

objective(s): to protect mother and/or fetus and/or neonate and/or 
young infant ) 

2. Immunogenicity data (mother; neonate and young infant if 
available)  

3. Efficacy data (mother; neonate and young infant if available) 
4. Safety data (mother; fetus, neonate and young infant if available) 
5. Pregnancy trimester-specific issues (safety, efficacy, other) 

iii. Vaccination during breastfeeding 
1. Objective and rationale: (clear statement of the primary 

objective(s): to protect mother and/or neonate and/or young infant 
and/or future offspring) 

2. Efficacy 
3. Safety 
4. Timing (eg, immediately post-partum or later in infancy; with 

respect to the infant/childhood vaccine series) 
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iv. Cost-effectiveness (only if there are unique issues related to vaccine use 
during pregnancy/breastfeeding) 

v. Alternatives or adjuncts to vaccination during pregnancy 
vi. Logistics (eg, vaccination record) and coadministration with other 

vaccines 
vii. Areas for future research  (could highlight important, feasible studies that 

would assist vaccine policy decisions) 
c. Length: the section should be short for most vaccine products   
d. Data sources: indicate types of studies including well controlled clinical trials, 

observational studies, reviews of published literature, and unpublished data   
 

3. Guidance for the pregnancy/breastfeeding recommendations  
a. These recommendations should be integrated into the recommendations section of 

the document rather than presented separately (as suggested for the 
pregnancy/breastfeeding background).  Explicit recommendations should be 
provided both for vaccination during pregnancy and during breastfeeding 

b. Recommendations should reference the pregnancy/breastfeeding background 
section for rationale and other details 

c. Pregnancy and breastfeeding recommendations should appear in the “special 
populations” section of the recommendations. If pregnancy or breastfeeding are 
deemed precautions or contraindications, recommendations should instead appear 
in the “precautions/contraindications” section, and the special populations section 
should refer readers to the precautions/ contraindications section. 

d. Recommendations should specify 
i. Precautions/contraindications for the pregnant and breastfeeding 

populations 
ii. Timing of vaccination 

1. During pregnancy: pregnancy trimester 
2. During breastfeeding: any specific time periods to aim for or avoid 

iii. Minimum time period between vaccination and becoming pregnant, if 
vaccination is a precaution or contraindication 

 
4. Guidance on language to reduce unnecessary variation across statements 

a. Pregnancy/breastfeeding background section 
i. For each topic heading listed in 2b, lack of data should be stated explicitly 

where it applies. 
ii. For safety, absence of adequate study/surveillance/follow up should be 

distinguished clearly from absence of adverse events  
b. Recommendations section:  

i. General 
 Distinguish clearly between contraindications and precautions.  ACIP 
definitions are as follows: 
Contraindication: A condition in a recipient that increases the risk for a 
serious adverse reaction. A vaccine will not be administered when a 
contraindication is present 
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Precaution: A condition in a recipient that might increase the risk for a 
serious adverse reaction or that might compromise the ability of the vaccine 
to produce immunity.  Under usual circumstances, vaccination should be 
deferred.  However, vaccination might be indicated because benefits 
outweigh risks 
 
In the context of pregnancy and breastfeeding, serious adverse reaction 
includes maternal, fetal or neonatal serious adverse events linked to the 
vaccine.  Contraindication means that there is direct evidence or strong 
biologic plausibility and suggestive evidence that the risk of severe adverse 
event is elevated for at least one of these groups.  Precaution means there is 
no supporting evidence but there is some biologic plausibility; precaution 
may also mean that there is a lack of data to support safety.   
 

ii. Standard language: Choose which best applies and modify language only 
if necessary 

1. Pregnancy recommendations 
1. “Vaccination of pregnant women is recommended; all 

pregnant women should be vaccinated” 
Illustrative examples:  Inactivated influenza vaccine 
2. “Pregnancy is not a contraindication or precaution to 

vaccination; routine vaccination recommendations should 
be applied to pregnant women” 

Illustrative examples: Tetanus-diphtheria (Td), Hepatitis B, 
Meningococcal polysaccharide  
3. “Pregnancy is a precaution and under normal circumstances 

vaccination should be deferred; vaccine should only be 
given when benefits outweigh risks” 

Illustrative examples:  Hepatitis A , IPV, or yellow fever (in 
case of travel to an area where exposure is likely); rabies (eg, 
after a possible exposure) 
4. “Pregnancy is a contraindication to vaccination; vaccine 

should not be administered to pregnant women. 
Vaccination with contraindicated vaccines during 
pregnancy is not ordinarily a reason for pregnancy 
termination” 

Illustrative examples: MMR, varicella, live-attenuated 
influenza vaccine 

2. Timing of vaccination during pregnancy 
1. “Vaccination can be given at any time during pregnancy” 
2.  “Vaccination should be deferred until X trimester of 

pregnancy unless there is a specific indication for  
vaccination early in pregnancy that outweighs risks” 

3. “Vaccine should not be administered during X trimester of 
pregnancy” 
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4. For vaccines where pregnancy is a contraindication: 
“Women should avoid becoming pregnant until 28 days 
after vaccination” 

i. Note: 28 days is the time period that applies to most 
currently contraindicated vaccines; however if for a 
particular vaccine product there is evidence for a 
shorter or longer time period, the 28 days may be 
modified as needed. 

3. Breastfeeding recommendations   
1.  “Breastfeeding  is not a contraindication or precaution to 

vaccination; routine vaccination recommendations should 
be applied” 

Illustrative examples: Current recommendations appear to 
place all vaccines except smallpox in this category (although 
the language is not clear) 
2. “Breastfeeding is a precaution and under usual 

circumstances vaccination should be deferred; vaccine 
should only be given when benefits outweigh risks” 

3. “Breastfeeding is a contraindication to vaccination; vaccine 
should not be administered to breastfeeding women.” 

Illustrative example: smallpox vaccine 
4. Timing of vaccination during breastfeeding 

1. “Vaccination is recommended before postpartum hospital 
discharge for all women whether or not they intend to 
breastfeed” 

2. “Vaccine may be administered at any time postpartum, for 
all women whether or not they intend to breastfeed” 

3. “Where possible, vaccination of breastfeeding women 
should be deferred until X period postpartum, unless 
benefits outweigh risks” 

4. “For breastfeeding women, vaccine should not be 
administered during X period postpartum” 

 
5. Suggestions to aid policy decision-making in the absence of adequate data  

a. Review any unpublished or pre-licensure data available (eg, from accidental 
vaccinations of pregnant women) 

b. Assess whether there will be adequate data in the future and on what timeline 
c.  Review the decisions of other professional organizations/ other countries and the 

underlying rationale 
d. Review “ACIP precedents” with regards to vaccination during pregnancy and 

breastfeeding 
i. Vaccination during breastfeeding is contraindicated only for smallpox 

vaccine 
ii. Live vaccines pose theoretical concern more often than inactivated 

vaccines 
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iii. When risk of maternal infection is high and risk of a poor outcome is high, 
vaccination is recommended (eg, rabies, yellow fever) 

iv. In the absence of adequate safety and efficacy data, direct protection of 
mother provides a stronger basis than indirect protection of neonate/ 
young infant for a recommendation of vaccination during pregnancy   

v. There is more comfort with second and third trimester vaccination than 
first trimester (not based on safety data, but based on public perception) 

e. Evaluate safety checks in place in case the pregnancy/breastfeeding 
recommendations for the product in question result in unintended adverse 
consequences    

i. Is post-licensure data on safety (passive, or active, or special studies) 
likely to detect important adverse events? 

ii. Are there registries or other sources that would allow for detection of 
safety or efficacy concerns? 

iii. If there are concerns about maternal antibody inhibition of infant response 
to a similar vaccine or fetal antigen tolerance with subsequent diminished 
postnatal responsiveness, is any system in place to monitor those 
outcomes? 

iv. Are there any sentinel events of concern that warrant particular attention? 
 

6.  Suggestions on how to standardize the gathering of expert opinion 
i. Areas of expertise that should be represented in workgroup deliberations: 

1. Disease burden (all relevant populations (eg, pregnant women, 
neonates, young infants) 

2. Vaccine product: efficacy, safety for pregnant women, fetus, 
newborn/infant as relevant 

3. Maternal/neonatal immunology if concerns about maternal antibody 
inhibition of infant immune response to same or related vaccine are 
relevant 

4. Consider: target population representation (eg, pregnant woman; a 
representative of infants who have been affected by the disease in 
question) 

5. Scientific leader from obstetric clinical community 
6. Scientific leader from pediatric clinical community 
7. Consider: inclusion of someone with expertise in health law 

ii. Strategies for obtaining input 
1. If some members are particularly vocal or stifling of free 

conversation, consider solicitation of written input through a 
standard set of key questions from all members 

2. Consider pulling in additional targeted experts if a particular issue 
stands out as complex or controversial 

iii. Suggestion of procedures to follow when expert opinion cannot reach 
consensus 

1. Present pros and cons as options to the full ACIP, with a summary of 
supporting evidence, and let them vote  
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2. Allow the workgroup to draft a dissenting opinion and present both 
positions to ACIP before they vote 
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Appendix: Brief overview of issues related to vaccination during pregnancy and 
breastfeeding 
 

1. Vaccination during pregnancy  
a. Vulnerable populations 

i. Pregnant women 
1. Altered immune response 
2. Increased risk of some infections 
3. Increased risk of severe outcomes (maternal, fetal or both) of some 

infections 
ii. Fetus, newborn, young infant 

1. Immature immune response 
2. Increased risk of some infections 
3. Increased risk of severe outcomes of some infections 
4. Infection sequelae can result in lifelong disability 

b. The promise of vaccination during pregnancy (any or all of the below) 
i. Protection of mother 

ii. Protection of fetus 
iii. Protection of neonate 
iv. Protection of young infant 
v. In the US there are approximately 4 million live births each year 

vi. In the US >98% of women have at least 1 prenatal visit, providing a health 
care opportunity for vaccination 

c. Concerns about vaccination of pregnant women   
i. Lack of data to make evidence-based decisions 

1. No  or limited well-controlled trials to establish efficacy of  vaccines 
in pregnant women or their offspring 

2. No or limited post-licensure studies of efficacy or safety (eg, from 
registries, VAERS, Vaccine Safety Datalink) 

3. No or limited animal data 
4. No or limited data on burden of illness 

o Key aspects of interest: incidence, severity, sequelae, time 
period of most vulnerability to infection 

o Key target populations: pregnant woman, fetus, newborn, 
young infant 

ii. Theoretical concerns about efficacy (woman, fetus, newborn) 
1. Will altered immune status of pregnant woman reduce response to 

vaccine? 
2. Will sufficient maternal antibody be transferred to fetus to confer 

protection (to fetus, newborn)? 
3. Will half life of maternal antibody be sufficient to protect 

fetus/newborn during relevant period of vulnerability? 
iii. Theoretical concerns about safety (woman, fetus, newborn) 

1. Vaccine type 
o Live vaccines (eg, viral antigen) historically have been 

viewed as more risky than inactivated and toxoid vaccines 
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i. There is evidence of fetal vaccinia infection 
following smallpox vaccination during pregnancy 

ii. There is no direct evidence of any live vaccine 
resulting in a fetal or neonatal serious adverse event 

o Even more limited data on newer vaccine types  
i. Unclear that generalizations about live vs. 

inactivated vaccines can be applied to new or future 
vaccine antigen types and technologies 

ii. Unclear that generalizations about live parenteral 
vaccines can be applied to live mucosal vaccines 

2. Additives/adjuvants/preservatives (eg, thimerosal) 
o Limited or no safety data on exposure of pregnant women, 

fetus and newborn to these  
3. Timing of vaccination 

o Safety risks may vary with time period of vaccination 
during pregnancy (eg, early pregnancy vs. late pregnancy; 
immediately post-partum vs. later) 

iv. Concerns about impaired newborn/infant immune response to childhood 
series 

1. Primary concern is inhibition of newborn or infant response to active 
vaccination due to high concentratons of passively acquired maternal 
antibodies 

2. Evidence that transplacental transfer of maternal antibody can 
interfere with infant response to childhood vaccine series  

o naturally-acquired or vaccine-induced maternal measles 
antibody interferes with infant response to measles vaccine 

3. Theoretic concern that vaccination during pregnancy could similarly 
impair response to routine childhood series 

o Extent of inhibition depends on multiple factors (eg, type of 
maternal and infant vaccine antigen, concentration and 
avidity of maternal antibody, timing and doses in infant 
series) 

o Priming of the infant immune system can occur despite 
presence of maternal antibody 

4. In addition to concerns about maternal antibody inhibition of infant 
postnatal responses to infant immunization series, there are also 
theoretical concerns that the fetus could develop antigen tolerance in 
utero which may result in diminished postnatal responsiveness to the 
infant immunization series. 

v. Lack of harmonization with FDA labeled indications (see Table for a 
description of FDA pregnancy categories) 

1. Label subject to federal regulations 
o 21 CFR 201.56 (General) and 201.57 (Specific) 

2. One currently licensed vaccine (HPV) is pregnancy category B  
3. One currently licensed vaccine (anthrax) is pregnancy category D  
4.  All other licensed vaccines are currently labeled as category C  
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vi. Public perception/risk communication  
1. Temporal association between vaccine and adverse pregnancy events 
2.  Principle of avoiding any unnecessary exposures during pregnancy 

vii. Legal liability 
1. National Childhood Vaccine Injury Act 

o If covered vaccine properly prepared and accompanied by 
proper directions and warnings, manufacturer cannot be 
held liable for injuries.  

o Law clearly covers vaccine directly administered to child 
o Statute is silent on in utero transmission (eg, adverse effect 

in fetus whose mother is vaccinated); case law is unclear 
viii. Logistical concerns  

1. Most obstetric offices do not have the infrastructure (eg, proper 
storage refrigerator, tracking of administration documentation 
required by law) to administer vaccines and obstetric providers often 
do not view vaccination as their primary responsibility 

2. There is no good vaccine record keeping system for adult 
vaccination (eg, to avoid problem of repeat vaccination) 

3. Providers who care for pregnant women are often most concerned 
about the woman and fetus and may be less educated/aware about 
infectious risks to the neonate and young infant 

4. Vaccine recommendations for pregnant women have a history of 
lack of clarity 

d. Alternatives or supplements to vaccination during pregnancy: Depending on the 
infection, some or all of the below may be effective as adjuncts or as alternatives 

i. Routine infection control (eg, hand hygiene, respiratory etiquette) 
ii. Vaccination of household contacts of newborns/pregnant women (“cocoon 

strategy” for pertussis and influenza) but limited data on efficacy 
iii. Postpartum vaccination (See section 2 below) 

1. Eg, rubella and Tdap vaccination recommendation 
2. Avoids safety concerns of vaccination during pregnancy 
3. Only confers fetal protection in subsequent pregnancies (assuming 

maternal antibody levels persist at adequate concentrations) 
4. Only confers maternal protection after the time of vaccination (eg, 

misses vulnerable time window of that pregnancy and early 
postpartum period) 

 
2. Vaccination during breastfeeding 

i. Objectives 
1. Protect mother from vaccine-preventable diseases 
2. Indirect protection of neonate/ infant by preventing infection in 

mother (“cocoon strategy”; see 1d) 
3. Confer protection in subsequent pregnancies (eg, rubella) 
4. Transfer of protective antibody to neonate/ infant 

o Antibody in human milk is >90% secretory IgA 
o Offers surface protection in the mouth 
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o Unclear whether offers additional protection (eg, against 
respiratory infection) 

o Transfer of circulatory IgG to infant has not been 
documented 

ii. Concerns 
1. Interruption of breastfeeding (which has known, important benefits) 
2. Interference of antibody transferred via human milk with 

neonate/infant direct response to childhood series 
o A particular issue for orally administered vaccines 
o Evidence from rotavirus and poliovirus vaccines suggest 

this may be overcome by administering >1 dose   
3. Transmission of vaccine virus in the case of live vaccines 

o Evidence from smallpox, MMRV, MMR 
4. Consistency with FDA labels 

o Majority of labels state “Because many drugs are excreted 
in human milk, caution should be exercised when 
administering vaccine to a nursing woman” 
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Table.  Food and Drug Administration pregnancy categories*.  Regulation requires that each 
product be classified under one of five pregnancy categories (A, B, C, D, or X), on the basis of 
risk of reproductive and developmental adverse effects or, for certain categories, on the basis of 
such risk weighed against potential benefit.  

Pregnancy category A Adequate and well controlled studies in 
women fail to demonstrate a risk to the fetus in 
the first trimester (and there is no evidence of a 
risk in later trimester), and the possibility of 
fetal harm appears remote. 

Pregnancy category B Animal reproduction studies have failed to 
demonstrate a risk to the fetus and there are no 
adequate and well-controlled studies in 
pregnant women OR Animal studies have 
shown an adverse effect, but adequate and 
well-controlled studies in pregnant women 
have failed to demonstrate a risk to the fetus 
during the first trimester (and there is no 
evidence of risk in later trimesters) 

Pregnancy category C Animal reproduction studies have shown an 
adverse effect on the fetus and there are no 
adequate and well-controlled studies in 
humans, but potential benefits may warrant use 
of the drug in pregnant women despite 
potential risks OR Animal reproduction studies 
have not been conducted and there are no 
adequate and well-controlled studies in humans

Pregnancy category D There is positive evidence of human fetal risk 
based on adverse reaction data from 
investigational or marketing experience or 
studies in humans, but potential benefits may 
warrant use of the drug in pregnant women 
despite potential risks.  

Pregnancy category X Studies in animals or humans have 
demonstrated fetal abnormalities and/or there 
is positive evidence of human fetal risk based 
on adverse reaction data from investigational 
or marketing experience, and the risks involved 
in use of the drug in pregnant women clearly 
outweigh potential benefits.  

*Note: As of January, 2008, FDA is in the process of developing a new pregnancy labeling 
system. This new system is under consideration and has not yet been instituted. 
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This document can be found on the CDC website at: 
http://www.cdc.gov/vaccines/recs/acip/downloads/preg-principles05-01-08.pdf  

http://www.cdc.gov/vaccines/recs/acip/downloads/preg-principles05-01-08.pdf

