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P E R S P E C T I V E

The Diphtheria and Pertussis Components
of Diphtheria-Tetanus Toxoids–Pertussis Vaccine
Should Be Genetically Inactivated Mutant Toxins
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Replacement of cellular with acellular pertussis (aP) vaccines has considerably reduced the systemic reactions observed with
diphtheria-tetanus toxoids–pertussis vaccine but has not eliminated the extensive swelling (sometimes involving an entire
limb) observed after the fifth injection of diphtheria-tetanus toxoids–aP (DTaP) vaccine. This local reaction, which is likely
an Arthus hypersensitivity reaction caused by high levels of antibodies reacting with DTaP vaccine, could discourage its use
in adults, who serve as the major reservoir of pertussis for infants. That a critical level of antibodies to pertussis toxin is
both essential and sufficient to prevent infection with Bordetella pertussis is derived from data from animal and clinical
studies, including data showing the similarities between the immunity induced by diphtheria and pertussis toxoids. The
genetically inactivated diphtheria and pertussis mutant toxins are more immunogenic and, therefore, induce comparable
levels of antitoxin at lower protein levels than do the formalin-treated native toxins. Replacement of the diphtheria and aP
components with these improved antigens will reduce the amount of protein in DTaP vaccine and, most likely, the incidence
and severity of local reactions in teenagers and adults.
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Prompted by the local adverse reactions

to the fifth injection of diphtheria-tetanus

toxoids–acellular pertussis (DTaP) vac-

cine, their potential for negative publicity,

and reduced acceptance of the acellular

pertussis (aP) vaccine in adults, we pro-

pose that the diphtheria and pertussis

components be replaced with the more

immunogenic, and theoretically safer, ge-

netically inactivated mutant toxins [1–8].

These local reactions most likely are Ar-

thus hypersensitivity reactions mediated

by high antibody levels induced by pri-

mary immunization with diphtheria-tet-

anus toxoids–pertussis (DTP) and DTaP

vaccine. Reduction of the protein content

of DTaP vaccine can be achieved by (1)

replacing the current toxoids with the ge-

netically inactivated and more immu-

nogenic diphtheria and pertussis mutant

toxins or (2) using monocomponent per-

tussis toxoid for the aP.

This proposal is not controversial for

the diphtheria component. However, no

consensus exists as yet with respect to what

the aP component should be, as there are

licensed pertussis vaccines composed of 1,

2, 3, and 5 components. Consensus exists

that pertussis toxoid is essential, but pro-

tective antibody levels for the non–per-

tussis toxin (PT) components (filamen-

tous hemagglutinin [FHA], pertactin, and

fimbriae) have not been established. Two

aspects of pertussis vaccine–induced im-

munity contribute to this dilemma: (1) the

efficacy of multicomponent aP vaccines

has been overestimated, because the an-

tigens used for serologic diagnosis are also

vaccine components, and (2) herd im-

munity requires vaccination of at least

one-half of the population, and, after the

recent trials of multicomponent aP vac-

cines, the incidence of pertussis in the en-

tire community was not determined.

Although the 2 diseases are different,

the similarities between toxoid-induced

immunity to diphtheria and pertussis pro-

vide insight. First, Tox+ Corynebacteri-

um diphtheriae and Bordetella pertussis are

pathogens for and inhabitants of people

only; they have no animal vectors or res-

ervoirs [9–11]. Second, both diseases re-

sult from colonization that is limited to

the respiratory epithelium; no other tis-

sues are invaded. Third, both pathogens

secrete an exotoxin (ADP ribosyl trans-

ferase) that is essential for disease. Fourth,

vaccination with their respective toxoids
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prevents diphtheria and pertussis and in-

hibits colonization with and transmission

of Tox+ C. diphtheriae and B. pertussis, re-

sulting in herd immunity [10, 11].

DIPHTHERIA

There has never been a randomized, dou-

ble-blind, controlled study of diphtheria

toxoids—in the past, diphtheria was too

common and too severe to delay imple-

mentation of improvements in prophy-

laxis. In the United States of 1910, 0.1%

of children !5 years of age died of diph-

theria annually [12]. Diphtheria has been

virtually eliminated in countries that have

a high level of routine vaccination of in-

fants and children [11].

The efficacy of diphtheria toxoid against

disease is only ∼75%, but it is close to

100% protective against death [11, 13].

Diphtheria may occur in patients with

antitoxin levels considered to be protec-

tive (10.01 IU/mL) [13]. At least one-half

of adults in developed countries do not

have “protective” antitoxin levels, al-

though most received diphtheria toxoid

during childhood [11].

So how was virtual elimination in the

developed world achieved when the toxoid

vaccine is only ∼75% protective, diphthe-

ria can occur in individuals with protective

levels of antitoxin, and at least one-half of

the population does not have protective

antitoxin levels? Prompted by outbreaks

after World War II, the World Health Or-

ganization (WHO) sponsored trials of

diphtheria toxoid in Romania [14]. Be-

tween 1958 and 1972, most of the pop-

ulation was vaccinated. The number of

cases decreased significantly after 5 years,

when ∼60% of the population was vac-

cinated; after 7 years, tox+ C. diphtheriae

was no longer detectable. This is the basis

for toxoid-induced herd immunity—the

pathogen is no longer present.

A genetically inactivated, nontoxic, fully

immunogenic diphtheria toxin—denoted

“CRM197”—has been isolated [15, 16].

CRM197 differs from the native toxin by a

substitution of C52 glycine with glutamic

acid and requires only 1/100 of the for-

malin needed for inactivation of the wild

type [17]. Safety is assured by the extensive

experience with CRM197 as a carrier of Hae-

mophilus influenzae type b and pneumo-

coccal polysaccharide conjugates. CRM197

would provide a more immunogenic diph-

theria component of DTP, with less protein

and fewer adverse reactions [18].

PERTUSSIS

Pertussis is a coughing disease caused by

B. pertussis. Although the 3 major species

of the genus Bordetella—B. pertussis, B.

parapertussis, and B. bronchiseptica—have

the PT structural gene, it is expressed only

by B. pertussis [19–22]. The 1949 obser-

vation of the highest incidence in children

3–5 years of age, with most deaths in chil-

dren !1 year of age, still stands [23, 24].

DTP vaccination was designed to prevent

this high death rate in infants.

Pertussis is a highly contagious infec-

tion of the respiratory epithelium. After

inhalation, B. pertussis adheres to the cilia.

Within 7 days, a mild, nonfebrile, non-

specific upper respiratory tract infection

occurs. The coughing becomes more fre-

quent, prolonged, and, in 2 weeks, par-

oxysmal. The paroxysms may last as long

as 3–5 min, exhaust the patient, and cause

apnea with cyanosis. The resultant hyp-

oxia and hypercapnia stimulate gasps or

whoops, often provoke vomiting, and may

result in aspiration pneumonia.

During the first week of illness, when

the symptoms are mild and nondiagnos-

tic, nasopharyngeal cultures are positive

180% of the time. As the paroxysmal

coughing becomes manifest, B. pertussis

gradually disappears from the respiratory

tract—that is, the symptoms of pertussis

occur in the absence of the pathogen [25].

This explains why the quarantine peri-

od was only 4 weeks, even though the par-

oxysmal coughing continues for 6–12

weeks, and why antibiotics do not affect

the duration or severity of paroxysmal

coughing [26, 27]. Macrolide antibiotics

will prevent pertussis in case contacts and

patients who have mild cough of !1 week’s

duration, and antibiotics will treat sec-

ondary infections.

Intracerebral (ic)–challenge potency as-

say. Vaccine development followed the

principles expounded by Pasteur—iso-

late, inactivate, and inject the causative

organism. The first vaccines were difficult

to standardize, because neither the pro-

tective antigen nor the host immune fac-

tors were known. Kendrik et al.’s ic chal-

lenge of mice was quantitated by Pittman

[28, 29], by use of the following assay.

Mice are immunized intraperitoneally

and are challenged ic 2 weeks later. Mice

that die within 2 days of the ic challenge

are omitted from the assay. Two weeks

later, survival is compared with that af-

forded by a vaccine standard. It was

found that immunization with B. para-

pertussis and B. bronchiseptica, which do

not express PT, does not confer protec-

tion [30]. The limitations of this assay

are that mice do not cough and there is

no spread of B. pertussis from infected

mice within litters. But the pathogenesis

of the ic challenge does mirror the events

on the pulmonary epithelium. B. pertussis

adheres to the cilia of the cerebral ven-

tricles; there are no positive blood cul-

tures or direct invasion of the brain [31].

Of the Bordetella species, only B. pertussis

causes mice to die; toxin-deficient mu-

tants are not lethal [32], and only PT

antibodies, actively induced or passively

administered as monoclonal or polyclo-

nal antibodies, protect against ic chal-

lenge [33, 34]. The incidence and severity

of coughing caused by B. parapertussis are

less than those caused by B. pertussis [35,

36], and we have not found an instance

in which B. parapertussis infection has

caused hospitalization or death. In sum-

mary, the ic-challenge potency assay is a

test for anti-PT IgG.

Pertussis in the United States. Be-

ginning in the 1950s, increasing use of cel-

lular vaccines continuously reduced per-

tussis. Their apparent efficacy was related

to the severity of pertussis. When the cri-
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teria used were a positive culture, parox-

ysmal coughing, and whooping followed

by vomiting, the apparent efficacy was as

high as 90% [37]. When a positive culture

was not required and the criterion used

was 2 weeks of coughing, the apparent

efficacy was !70%.

Cellular vaccines prevent pertussis by

several methods. Pertussis is spread only

by ill individuals (via coughing); there is

no asymptomatic carriage [38]. Vaccina-

tion has reduced the incidence and sever-

ity of pertussis and colonization by B. per-

tussis [39], resulting in herd immunity

[11]. To illustrate, in 1990 the birth rate

was ∼4 million births/year in the United

States, and there were ∼24 million 1–6-

year-old children in the country. Approx-

imately 85% of children received �3 DTP

injections by 6 years of age, leaving ∼3.6

million 1–6-year-old children susceptible

to pertussis. The attack rate of pertussis

in nonvaccinated children is ∼5% an-

nually. There should have been ∼180,000

cases of pertussis annually, but there were

only ∼3500 reported cases, or 2% of the

predicted number.

Immunity induced by cellular vaccines

or pertussis lasts ∼5–20 years [40, 41].

During the past decade, there has been an

apparent increase in pertussis in children

!1 year of age, older children, and adults,

for 3 reasons [42]: (1) inaccurate publicity

during the 1980s and early 1990s led to

decreased use of cellular vaccines and an

increase in pertussis in older children and

adults [43]; (2) a greater awareness of per-

tussis in adults, who do not experience the

childhood symptoms of whooping, vom-

iting, and lymphocytosis; and (3) more

laboratories becoming capable of identi-

fying B. pertussis.

Pertussis in adults. Pertussis in adults

as a source of infection in infants was de-

scribed in the 1920s but was not consid-

ered to be an important cause of coughing

in this age group until the 1960s [44, 45].

Only tetanus and diphtheria toxoids were

administered to adults, because cellular

vaccines were too toxic [46].

PERTUSSIS IN JAPAN

In 1950, it was recommended that DTP

be used for routine vaccination of 3-

month-old infants in Japan. The inci-

dence of pertussis in Japan rapidly de-

creased until 1974, when the death of 2

infants after injection of DTP was widely

publicized, and pertussis vaccination was

temporarily suspended. The age at which

initial vaccination with cellular vaccine

was performed was increased from 3

months to 2 years. Despite this measure,

vaccination decreased to nearly 10%, and

the incidence of pertussis increased from

0.4 cases/100,000 population in 1974 to

11.3 cases/100,000 population in 1979. At

about the same time, similar events oc-

curred in the United Kingdom.

The first aP vaccine composed of per-

tussis toxoid and FHA was developed in

Japan [47]. Its availability led to an in-

crease in the vaccination rate, to 180%. In

1988, it was recommended that DTaP be

used for routine immunization of 3-

month-old infants; in 1993, only 130

cases were reported, mostly in incom-

pletely or unvaccinated patients. Com-

ponents other than FHA and pertussis

toxoid were trace components [48, 49].

In light of the evidence for FHA (vide

infra), the Japanese aP vaccine can be

regarded as a pertussis toxoid vaccine.

ANTIGENS OF B. PERTUSSIS

Pittman’s hypothesis, that the symptoms

of and immunity to pertussis were me-

diated by a toxin, inspired the study of

this and other proteins of B. pertussis [49,

50]. A master regulatory gene (bvg) for

the synthesis of B. pertussis virulence fac-

tors (PT, FHA, pertactin, and adenylate

cyclase) was discovered, and the realiza-

tion that not all were protective followed

[51, 52].

FHA. Although the other Bordetella

species produce FHA, only immunization

with B. pertussis confers protection in the

ic-challenge potency assay [28, 53]. Nei-

ther active nor passive immunization with

polyclonal or monoclonal antibodies to

FHA confers protection against ic or pul-

monary challenge with B. pertussis [35].

In mice, naturally occurring or Tn5 trans-

poson–induced mutants that are deficient

in FHA continue to cause death and con-

fer protection [32, 51]. In the first trial of

aP vaccines in Sweden, no statistically sig-

nificant difference was found between the

protection conferred by the monovalent

pertussis toxoid (JNIH-7) and that con-

ferred by the divalent toxoid plus FHA

(JNIH-6) [54]. Seroepidemiological stud-

ies showed that only PT antibodies con-

ferred immunity [55–57]. The cellular

vaccine produced by Lederle Laboratories

was successfully used in the United States

and induced 91% protection in a case-

controlled study [58]. This vaccine did not

contain FHA and did not induce FHA an-

tibodies [59]. The absence of FHA in Led-

erle Laboratories’ cellular vaccine, how-

ever, has not been mentioned in analyses

of these clinical trials [60–62]. Last, infec-

tion with culture-confirmed B. paraper-

tussis induced FHA and pertactin antibody

levels similar to those that occur after per-

tussis but did not induce PT antibodies

and did not confer immunity against per-

tussis [63, 64]. In summary, overwhelming

evidence indicates that FHA is not a pro-

tective antigen for B. pertussis.

Pertactin. Neither active nor passive

immunization with pertactin confers pro-

tection against ic challenge [65]. In a pul-

monary challenge model, active immu-

nization with 16 mg of pertactin induced

94% protection, but 8 mg of glutaralde-

hyde-treated PT induced 100% protection

[66]. The addition of pertactin did not

increase the efficacy of an aP vaccine con-

taining pertussis toxoid and FHA [67].

The age-related appearance of pertactin

antibodies without a history of infection

with Bordetella or vaccination with a per-

tussis vaccine suggests cross-reacting an-

tigens [68]. The experience in Japan and

in patients with parapertussis indicates

that pertactin is not essential for immunity

to pertussis [49].
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Fimbriae. Extensive characterization

of the fimbriae (agglutinogens) of B. per-

tussis has been achieved [69]. However,

there are no convincing data showing that

fimbriae could serve alone or contribute

to the efficacy of a pertussis vaccine [70].

PT. PT conforms to the AB model of

toxins. The B subunit binds to host surface

cells, and the A subunit is an ADP ribosyl

transferase [71].

PT causes metabolic effects [72]. Hy-

poglycemia has been reported in infants

convalescent from pertussis and on use of

higher-than-recommended doses of per-

tussis vaccine. The lethal effect that per-

tussis vaccines have on fetal mice is pre-

vented by administration of glucose. PT

induces a paradoxical effect on glucose

regulation: administration of adrenaline to

mice lowered insulin and increased blood

glucose; in mice infected with B. pertussis

or injected with PT, administration of

adrenaline increased blood insulin and

lowered glucose. PT-induced hypoglyce-

mia prompted its designation as an islet-

activating protein and is probably the

mechanism involved in the increased sen-

sitivity to histamine caused by this toxin

(histamine sensitizing factor [HSF]) in an-

imals and humans [72, 73]. HSF activity

is the basis for a bioassay for residual PT

in both cellular and aP vaccines.

It is the inhibitory effect on lymphoid

cells that offers the best explanation for

the role played by PT in virulence. The

striking lymphocytosis is due to the loss

of the ability of the lymphocytes to

“home” to lymphatic tissue once they have

entered the circulation. In vitro, macro-

phages exposed to PT do not respond to

lipopolysaccharide [74]. Antibodies in-

hibit the action of PT on lymphoid cells,

thereby promoting phagocytosis of B.

pertussis.

Human immunoglobulin, with high

levels of anti-PT, is therapeutic, which is

consistent with the observation that PT is

released from lymphoid tissue and, there-

fore, is available for neutralization by an-

titoxin [75, 76]. Rats challenged intra-

bronchially with B. pertussis embedded in

fine agarose beads develop paroxysmal

coughing, leukocytosis, and immunologic

responses similar to those of humans. Ex-

pression of PT by the challenge strain is

essential for the coughing [76]. Immuni-

zation with pertussis toxoid, but not FHA

or pertactin, confers immunity in this

model [77, 78].

CLINICAL TRIALS OF aP
VACCINES IN EUROPE

First Swedish study. Two vaccines,

JNIH-6 (pertussis toxoid and FHA) and

JNIH-7 (pertussis toxoid only), and a

control (alum) were evaluated in a ran-

domized, controlled, blinded trial [54].

Two injections were administered at 5–

11 months of age and then 2 months

later. JNIH-6 and JNIH-7 were found to

be safer than cellular vaccines, and both

conferred statistically significant protec-

tion. Initially, it was concluded that the

efficacy of JNIH-6 was higher than that

of JNIH-7, but the limitations of diag-

nosis based on serologic testing were

soon realized: a calculation with the 181

cases listed in table 1 gives efficacy esti-

mates of �7% for JNIH-7 and 42% for

JNIH-6. However, such a crude compar-

ison is based on the fact that the antigens

used for diagnosis were also used for im-

munization [79]. Actuarial analyses from

household contacts showed that JNIH-7

was equal to or more protective than

JNIH-6 [80]. The apparent lack of cor-

relation between the level of antibodies

and protection was vexing, but pertussis

occurred at a significantly higher rate in

unimmunized control subjects. Conclu-

sions drawn from this study had a pro-

found effect.

WHO criteria. Because of the contro-

versies that followed this study, a consen-

sus for diagnostic criteria of pertussis was

reached by a multinational committee

[80]. Diagnosis required �21 days of par-

oxysmal coughing and a positive culture.

Without a culture, diagnosis could be

made by the demonstration of a statisti-

cally significant increase in either anti-

FHA or anti-PT IgG levels. Contact in a

household with a culture-confirmed case

was also considered to be diagnostic.

Monocomponent pertussis toxoid vac-

cine. PT, inactivated with H2O2 (Na-

tional Institute of Child Health and Hu-

man Development [NICHD] Ptxd), was

found to be safe and immunogenic in

adults [81] and in 18–24-month-old chil-

dren and, in a preliminary trial, was found

to be protective in infants [82, 83]. In a

randomized, double-blind trial with diph-

theria toxoid as the control, 3450 infants

were inoculated at 3, 5, and 12 months of

age. There were no serious adverse re-

actions and no uncontrollable screaming

or crying. After active surveillance for a

median of 17.5 months, the efficacy of

NICHD Ptxd was 71% ( ) [84],P ! .001

and it did not change in the ensuing 6

months. NICHD Ptxd induced the same

protective mechanisms as did cellular and

multivalent aP vaccines [85]: it (1) re-

duced the number of positive cultures and

the severity of the disease [79] and (2)

prevented infection in household contacts

(76%) and inhibited transmission of B.

pertussis to household members [85].

Recipients of NICHD Ptxd or those

control subjects who contracted pertussis

had a similar increase (190%) in anti-FHA

IgG levels. However, only ∼50% of recip-

ients of NICHD Ptxd had an increase in

anti-PT IgG levels, whereas 190% of those

control subjects who contracted pertussis

had a such an increase [86]. A correlation

was observed between the incidence and

severity of pertussis 1 month after the

third vaccination and anti-PT IgG levels

[87]. There was a statistically significant

relationship between postvaccination se-

rum IgG against PT and protection against

pertussis in recipients of NICHD Ptxd.

Children with severe pertussis in the

NICHD Ptxd group had significantly

lower anti-PT IgG levels than did chil-

dren with mild or no pertussis (P ! .001).

During 24 months of surveillance, there

was an 18-fold decrease in vaccine-in-

duced anti-PT IgG levels without a

change in efficacy, indicating that pro-

tective levels are considerably lower than
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those observed 2–3 months after the

third injection. This is similar to the case

of diphtheria antitoxin, in which a post-

immunization level of 0.1 IU/mL is con-

sidered to be predictive of long-term pro-

tection, and a postimmunization level of

0.01 IU/mL is considered to be protective.

Mass vaccination with NICHD Ptxd.

From 1979 to 1995, there was no vacci-

nation against pertussis in Sweden. After

completion of the trial of NICHD Ptxd,

mass vaccination of children born during

the 1990s was begun in the Gotebörg area

(population, 778,597 people) [88]. Con-

trol subjects from the clinical trial and

children up to 10 years of age were given

a full course of NICHD Ptxd. Infants were

inoculated at 3, 5, and 12 months of age,

in accordance with the Swedish recom-

mendations for DTP. Over the next 3

years, 167,810 doses were administered to

62,129 children, such that ∼56% of the

children in Göteborg received 3 doses of

NICHD Ptxd. Assuming that the attack

rate of pertussis in this age group was 5%

annually, ∼70% of the population up to

10 years of age were supposedly immune

to pertussis during the 3-year period of

immunization. The number of B. pertussis

isolates that were identified decreased

from 1214 during 1993–1995 to 64 from

January 1997 to June 1999 ( ).P ! .0001

Hospitalizations due to pertussis in indi-

viduals of all ages, including adults and

unvaccinated young children, decreased

from 62 to 5 ( ). Herd immunityP ! .0001

was observed, as the number of isolates

identified in individuals of all ages de-

creased. This decrease was noted ∼1 year

before the introduction of multivalent aP

vaccines in the remainder of Sweden [89].

A similar effect of herd immunity after

mass immunization with an aP vaccine

has been reported in Senegal [90].

Clinical trials of multivalent aP vac-

cines. Several double-blind, random-

ized, case-controlled trials of aP vaccines

[58, 67, 91, 92] have used pertussis tox-

oid, FHA, and pertactin [57, 90, 91], and

one study has also used fimbriae [91].

The apparent greater efficacy of most

multivalent aP vaccines, compared with

that of the monovalent NICHD Ptxd vac-

cine, is the given reason for the inclusion

of these B. pertussis components [59–61].

However, the lower percentage of posi-

tive cultures and the smaller increase in

anti-PT and/or anti-FHA IgG levels in

vaccine recipients than in control sub-

jects create an artifact in the calculation

of the efficacy of multivalent vaccines

when WHO criteria are used for diag-

nosis [79, 84, 86]. To illustrate, if 100

vaccine recipients and 100 control sub-

jects have �21 days of paroxysmal

coughing, 70% of control subjects and

50% of vaccine recipients will have pos-

itive cultures. Now there are 30 control

subjects and 50 vaccine recipients to be

analyzed by an increase in anti-FHA or

anti-PT IgG levels. With respect to

monovalent pertussis toxoid vaccine,

90% (45/50) of vaccine recipients and

90% (27/30) of control subjects will have

an increase in anti-FHA IgG levels. In

contrast, 90% (27/30) of control subjects

but only 50% (25/50) of vaccine recipi-

ents will have an increase in anti-PT IgG

levels. Accordingly, 5 vaccine recipients

and 3 control subjects will be eliminated

from the efficacy calculation. However,

this is not the case for recipients of mul-

tivalent vaccines. There are still 30 con-

trol subjects and 50 vaccine recipients to

be analyzed by serologic testing. Increases

in anti-FHA or anti-PT IgG levels con-

tinue to occur in 90% (45/50) of control

subjects but in only 50% (25/50) of vac-

cine recipients. Accordingly, 25 recipients

of DTaP vaccine but only 5 control sub-

jects will be eliminated from the effica-

cy calculation, resulting in an apparent

greater efficacy conferred by multivalent

aP vaccines than by monovalent toxoid

vaccines. Last, despite the torrent of ar-

ticles touting B. pertussis antigens, no one

has suggested that there be an aP vaccine

that does not include pertussis toxoid.

Mass vaccination in Sweden with mul-

tivalent aP vaccine. In Sweden, the in-

troduction of aP vaccine to the routine

immunization of infants began in 1999.

Since then, there has been a continual re-

duction in the incidence of pertussis [90].

Pertussis in young infants and older

children. Cellular pertussis vaccines in-

duced a relatively high rate of local and

systemic reactions, including fever and

convulsions. Inaccurate and irresponsible

publicity reported these vaccines to be in-

effective, as well as a cause of central ner-

vous system damage and sudden infant

death syndrome [43]. This led to a de-

crease in their acceptance that began

around 1975 and that resulted in a large

population of older children and young

adults being susceptible to B. pertussis [7,

24, 42]. The new pool of susceptible in-

dividuals increased the transmission of B.

pertussis to infants who had not yet com-

pleted their vaccination. To protect these

susceptible individuals, there has been an

increasing call for the immunization of

adults with DTaP vaccine rather than with

tetanus and diphtheria toxoids [3, 42, 84,

87, 92–94]. Indeed, the immunization of

adults with DTaP vaccine is now recom-

mended in several European countries.

ADVERSE REACTIONS TO
MULTIVALENT aP VACCINES

The substitution of DTP vaccine with

DTaP vaccine has brought attention to an

adverse reaction that is considered to be

minor. After the fifth injection of DTaP

vaccine, local reactions include erythema

and swelling 15 cm in 125% of recipients

and fever (mostly mild) in ∼30% [1–9].

Approximately 5% of these swelling re-

actions involve almost the entire limb and

last for ∼1 week. These reactions are only

slightly less frequent and severe than those

that occur after the fifth injection of DTP

vaccine, which causes a higher incidence

(60%) and a more severe degree of pain

and fever than does DTaP vaccine [7]. A

relationship between the level of antibod-

ies elicited by the fifth dose of DTaP vac-

cine and the size of swelling has been

shown [5].

The large local reactions elicited by the

fifth dose of DTaP vaccine most likely are

Arthus hypersensitivity reactions, which
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require high levels of antigens and anti-

bodies. The aP vaccine elicited higher an-

titoxin levels than did the DTP vaccine.

Importantly, the inclusion of FHA, per-

tactin, and fimbriae in the aP component

increased the amount of antigens in the

DTaP vaccine. In one study, the PT and

FHA were purified by column chroma-

tography [95]. The “crude” and purified

PT and FHA were treated with formalin

and were combined with diphtheria and

tetanus toxoids. The 2 formulations in-

duced similar levels of FHA and PT an-

tibodies, but recipients of the crude PT

had larger areas of swelling than did re-

cipients of the purified antigen. Omission

of the nontoxoid antigens from the aP vac-

cine and use of the more immunogenic

genetically inactivated diphtheria and PT

components is expected to considerably

reduce local reactions elicited by the fifth

injection of DTaP vaccine [15–18, 96–98].

Given the extensive and heterogeneous

changes wrought by treatment with for-

malin, no adjustments in the requirements

are needed, because the mutant proteins

are antigenically identical to the wild-type

toxins, have only 1 or 2 changes in their

amino acid composition, and induce neu-

tralizing antibodies with properties that

are indistinguishable from those elicited

by formalin-treated toxoids.

Usage of the existing DTaP vaccines by

adults may be inhibited by the adverse

publicity given to the large local reactions.

To account for these local reactions, re-

duced levels of DTaP components for ad-

olescents and adults (2.5 mg of PT, 5 mg

of FHA, 5 mg of fimbriae, 2 limits of floc-

culation [Lf] of diphtheria toxoid, and 5

Lf of tetanus toxoid; denoted “TdaP”) has

been advocated [99]. However, this re-

duced amount of aP component alone

elicited swelling 11 cm in ∼10% of recip-

ients, and TdaP vaccine elicited swelling

in 14.1% of recipients. Genetically inac-

tivated and purified pertussis and diph-

theria toxoids will provide a DTaP vaccine

that contains lower amounts of proteins

and that induces equal or higher levels of

antibodies [17, 98].

Last, the enzymatic activity of tetanus

toxin has been identified as a zinc metal-

loprotease with specificity for the synap-

tosome [100]. It should be possible to iso-

late a nontoxic protein that is antigenically

identical to tetanus toxin and that could

constitute an improved immunogen.
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