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Memory responses seen after whole-cell pertussis (wP) and acellular pertussis (aP) vaccine
priming are different and reflect better long-term protection against pertussis disease seen
with the whole-cell vaccines. Although acellular vaccines generate higher levels of antigen-
specific IgG to the antigens included in the aP vaccines, there are many more pertussis
antigens included in whole-cell vaccines. Acellular vaccine priming is associated with
skewing of the immune response to a more Th2-like response, whereas whole-cell priming
is associated with a Th1/Th17 response. Repeated booster doses of acellular vaccine in
children primed with acellular vaccine has been shown to result in progressively shorter
duration of protection against disease. This may be explained by the generation of higher
levels of antigen-specific IgG4, which does not bind complement and leads to a suboptimal
inflammatory response and impaired phagocytosis and antimicrobial defense. In contrast,
whole-cell priming followed by aP vaccine boosters results in better opsonization, phago-
cytosis, and complement mediated killing through the preferential induction of IgG1.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memoryand Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.
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BACKGROUND

Pertussis outbreaks have been reported in var-
ious countries that have switched from

whole-cell pertussis (wP) to acellular pertussis
(aP) vaccines (Pillsbury et al. 2014; Tan et al.
2015). Many of these outbreaks have occurred
in children who had received only acellular
vaccines and reports of waning immunity with
the acellular vaccines have appeared (Klein et al.
2012, 2016; Sheridan et al. 2012; Witt et al. 2013;
Gambhir et al. 2015). In an attempt to under-
stand why acellular vaccines provide less dura-
ble protection than whole-cell vaccines, several
studies have investigated immunological differ-
ences between aP and wP vaccines. Although
there are also important differences in the
early innate immune response, this review will
only focus on quantitative and functional dif-
ferences in immunological memory induced by
primary and booster vaccination with wP and
aP vaccines.

DIFFERENCES IN ANTIGEN
COMPOSITION

Acellular vaccines consist of a limited number
of pertussis antigens. These vaccines are equally
or more immunogenic for the included anti-
gens than the whole-cell vaccines, which is likely
attributable to the fact that acellular vaccines
contain a higher content of each individual an-
tigen (Edwards et al. 1995). Initial studies on the
memory response following vaccination with
acellular and whole-cell vaccines predominately
focused on the antigens included in the acellular
vaccines. Immune responses to additional anti-
gens contained in the whole-cell vaccines have
not been comprehensively examined. The inclu-
sion of only a restricted number of antigens in
the acellular vaccines has likely contributed to
reduced protection, particularly because we have
already seen that the acellular vaccine selects for
pertactin-deficient strains that are increasingly
prevalent in many areas where the acellular vac-
cines are used (Lam et al. 2014; Zeddeman et al.
2014; Martin et al. 2015). The impact of these
pertactin-deficient strains on disease burden is
actively being assessed (Breakwell et al. 2016).

HUMORAL RESPONSE DIFFERENCES
BETWEEN ACELLULAR AND WHOLE-CELL
VACCINES

There are also differences in the humoral re-
sponse between the two vaccines. Because the
antigens in the acellular vaccine are also present
in the whole-cell vaccine, many studies have
compared the magnitude of the antibody re-
sponse to these antigens. Antigen-specific se-
rum IgG levels were also used as an immunoge-
nicity marker during the large randomized
efficacy trials in the 1980s–1990s. Results
from these studies indicated that acellular vac-
cination induced much higher antibody levels
against each individual antigen than whole-cell
vaccination (Edwards et al. 1995). However, se-
rum IgG levels following primary vaccination
wane rapidly. Of note, waning of antibody levels
is not restricted to acellular vaccines, as anti-
body levels also decline rapidly following
whole-cell vaccine priming (Huang et al. 1996;
Giuliano et al. 1998; Hendrikx et al. 2009). De-
spite the waning levels of circulating antibodies,
memory B cells specific to the acellular vaccine
antigens have been found in peripheral blood
years after vaccination (Buisman et al. 2009;
Hendrikx et al. 2011a; Carollo et al. 2014). As
disease incidence was increasing in older vacci-
nated children, acellular booster vaccination
was introduced, initially in children primed
with whole-cell vaccine, but later also in chil-
dren primed with acellular vaccines. This was
found to induce a very robust humoral response
in both groups. Despite this response, evidence
is accumulating that the duration of protection
after repetitive boosting with acellular vaccines
is progressively shortening (Tartof et al. 2013;
Acosta et al. 2015).

ACELLULAR BOOSTER VACCINATION AND
AFFINITY MATURATION

During the process of antibody affinity matura-
tion, germinal center IgGþ memory B cells
acquire increased antibody avidity for their
cognate antigen through somatic hypermuta-
tion in the variable domains of the IgG-encod-
ing genes. Thus, comparison of antibody avidity
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following repeated antigen exposure provides
insight into the maturation stage of the B-cell
response. The avidity of IgG antibodies against
pertussis toxin (PT), pertactin (Prn), and fila-
mentous hemagglutinin (FHA) is significantly
higher in acellular versus whole-cell-primed
children (Hendrikx et al. 2009; Prelog et al.
2013; Schure et al. 2013). Importantly, affinity
maturation seems to be further accelerated by
repeated aP vaccination. For instance, a signifi-
cant increase in avidity index was seen in the IgG
response to PTand Prn following a sixth dose of
acellular vaccine (Hendrikx et al. 2011b). Al-
though the avidity of acellular vaccine antigen-
specific IgG also increases over time in wP-
primed children, this process seems to occur in
a slower fashion than in aP-primed children.

SKEWING TOWARD IgG4

Another important difference can be found in
the subtype distribution of the IgG response
between acellular versus whole-cell-primed
children (Hendrikx et al. 2011b). Notably,
IgG4 was found to represent a higher propor-
tion of all PT, FHA, and Prn-specific IgG anti-
bodies in acellular-primed children than in
those primed with whole-cell vaccines. Booster
doses of acellular vaccine augmented this pro-
cess, as the postacellular booster IgG subtype
distribution was even further skewed toward
IgG4. Giammanco and colleagues reported a
similar phenomenon when comparing the
anti-PT IgG response between convalescent
and aP-vaccinated children (Giammanco et al.
2003). In their study, unvaccinated children
who were convalescent from laboratory-con-
firmed pertussis were found to produce mainly
IgG1/IgG3 antibodies against PT, whereas
IgG1, IgG2 but also IgG4 were most prevalent
in both healthy and convalescent children
primed with acellular vaccines.

IMMUNOGLOBULIN CLASS-SWITCHING
DURING THE COURSE OF PERTUSSIS
VACCINATION

Together, these observations point to essential
differences in the antigen-specific IgG responses

between wP and aP vaccination, both in the
avidity as well as in IgG subtype distribution.
How should these findings be interpreted? Re-
cent studies suggest that B cells preferentially
follow a programmed order of Ig class switching
over the course of an immune response, a pro-
cess thought to be coupled to affinity matura-
tion (Jackson et al. 2013, 2014). In this model,
when naı̈ve IgMþ antigen-specific B cells first
come into contact with their cognate antigen,
they first switch to IgG3, then to IgG1 and to
IgG2, and finally to IgG4. This order reflects the
genomic ordering of the IgG subclass genes
within the constant domain locus. Of note,
this model is also in line with allergen immu-
notherapy strategies in which increasing doses
of allergens are administered followed by repet-
itive maintenance dosing. Such treatment fre-
quently induces a relative increase in allergen-
specific IgG4 (Francis et al. 2008; Burks et al.
2012; Freiberger et al. 2016; Virchow et al.
2016). The later-formed IgG4 isotype is unable
to bind C1q and activate the complement
cascade (Schumaker et al. 1976; Bindon et al.
1988). Because IgG4 also binds to the inhibitory
IgG receptor FcgRIIb, an increase in allergen-
specific IgG4 is thought to restrict the hy-
perinflammatory response in allergic patients
(James and Till 2016). Interestingly, this im-
mune response pattern to allergen immuno-
therapy closely mimics the IgG response that
is observed over the course of repetitive aP
vaccinations. However, for pertussis vaccina-
tion this is likely to have unwanted conse-
quences, as an increase in IgG4 is expected to
lead to a reduction in bactericidal activity
(Bruggemann et al. 1987; Irani et al. 2015).
Considering that memory B cells can also serve
as antigen-presenting cells, this may also have
consequences in further skewing of cellular im-
munity. This is particularly relevant in the con-
text of booster vaccination (i.e., when high-af-
finity IgGþ memory B cells are present).

It should be noted that not all of the anti-
gens included in the acellular vaccines show
identical patterns of changes in the IgG subtype
distribution following vaccination. For exam-
ple, the PT-specific IgG response following
whole-cell priming seems to be skewed more
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toward IgG2. In this context, it should be noted
that the PT content in the Dutch wP vaccine and
in one of the whole-cell vaccines used in the
European efficacy trials was very low and con-
sequently induced very low titers of PTantibod-
ies (Hendrikx et al. 2009). In this scenario, it is
possible that the de novo B-cell response to the
higher PT content in the aP vaccine may out-
compete the relatively few wP-induced PT-spe-
cific memory B cells. Evidence in favor of this
explanation can be found in the relatively high
proportion of PT-specific “early” IgG3 in the
wP-primed group following the first acellular
booster dose. We hypothesize that high-affinity,
noninflammatory antibodies that adequately
neutralize the toxic and immunomodulatory ef-
fects of soluble PT would normally be highly
beneficial during infection. Unfortunately, the
chemical treatment of PT is known to destroy
many of the protective epitopes in the acellular
vaccine (Ibsen 1996) and, in this case, high avid-
ity may thus not equal neutralization. Replacing
the chemically inactivated PT with a genetically
inactivated PT would thus be a logical step to
improve vaccination efficacy. Head-to-head im-
munogenicity comparison studies of the chem-
ically and genetically detoxified PT antigens
have clearly shown the enhanced immunoge-
nicity and functional activity of the genetically
detoxified PT (Edwards et al. 1995).

The IgG response toward FHA also shows
progressive switching to IgG4 following acellu-
lar booster vaccination, similar to PT. For Prn,
this is not the case as the acellular vaccination
response is dominated by IgG1, even after the 4y
boost, with very little IgG4 produced. As IgG1 is
much more effective in binding complement,
these antibodies should lead to effective direct
and indirect killing of Bordetella pertussis. As
Prn is also chemically inactivated, similar to
PT and FHA, it is unclear why the humoral
response toward this antigen is different from
that against FHA and PT. However, what is clear
is that Prn represents the most effective antigen
of all aP antigens to induce functional antibod-
ies (Hellwig et al. 2003). Unfortunately, because
expression of Prn is apparently not essential
for bacterial survival, this may also explain the
rapid emergence of Prn-negative mutant strains

in countries that have switched to acellular
vaccines.

DIFFERENCES IN CELLULAR RESPONSES

Another major reason that the acellular vaccines
are less effective than the whole-cell vaccines, is
that the two vaccines stimulate very different
T-cell responses. Mills and colleagues were the
first to show that cellular immunity, in particu-
lar interferon g (IFN-g), played an important
role in protection against infection with B.
pertussis (Mahon et al. 1997). Whole-cell vac-
cines were shown to induce predominately Th1
and Th17 cell immunity, whereas the acellular
vaccines induced a mixed Th2 and Th17 re-
sponse (Ross et al. 2013). Interleukin (IL)-17
has been shown to play an important role in
the defense against mucosal infections with ex-
tracellular bacteria (Kolls and Khader 2010).
Further studies in mice showed that CD4þ T
cells from acellular vaccine-primed animals se-
creted IL-4, IL-5, and IL-17 (Th2/Th17), but
relatively lower concentrations of IFN-g (Ross
et al. 2013; Brummelman et al. 2015). In con-
trast, the whole-cell vaccines induced a mixed
IFN-g/IL-17A (Th1/Th17) response (Ross et al.
2013). These studies were extended to the
baboon model, wherein immunization with
acellular vaccines, conferred protection against
disease but not infection or transmission, and
was associated with a Th1/Th2 type CD4þT-cell
response. In contrast, whole-cell vaccinated ba-
boons were better protected against both colo-
nization and transmission, which was associated
with the induction of a Th1/Th17 memory re-
sponse (Warfel et al. 2014).

T-CELL RESPONSES TO PRIMARY
VACCINATION

So how do these findings extend to cellular
responses in humans? Although it is difficult
to formally compare the T-cell response across
different clinical studies because of significant
differences in how cellular responses are mea-
sured, human studies have generally confirmed
the same observations with acellular vaccines
inducing a Th2-dominated, yet mixed Th2/
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Th1/Th17 type of CD4þ T-cell response in
young children (Ryan et al. 1998; Ausiello
et al. 1999; Mascart et al. 2007; Schure et al.
2012). In contrast, the whole-cell vaccines in-
duced a Th1/Th17-type CD4þ T-cell response,
similar to that seen after natural infection
(Ryan et al. 1998, 2000; Mascart et al. 2003,
2007; Rowe et al. 2005; Vermeulen et al. 2010;
Ross et al. 2013). In summary, comparisons of
the acellular and whole-cell vaccines in humans
are largely consistent with the data from animal
models, suggesting that Th2 dominance is asso-
ciated with the acellular vaccine and that a Th1/
Th17 profile is associated with the whole-cell
vaccine.

T-CELL RESPONSES TO ACELLULAR
BOOSTING

The response to one or more booster doses of
acellular vaccine in both acellular and whole-
cell-primed children has been studied over
time to determine whether cellular memory
wanes more rapidly after acellular than whole-
cell vaccine. Buisman and colleagues examined
acellular-primed children, 3 years after priming
(Buisman et al. 2009). They found a higher T-
cell response in acellular-primed children than
in whole-cell-primed children. This response
was not boosted after a fifth dose of acellular
vaccine in the acellular-primed children, but
was boosted in the whole-cell-primed children
(Schure et al. 2012). It should be noted though
that the cellular responses before booster doses
in the acellular-primed children were already
quite high. At age 6 years, 2 years after the
booster dose, peripheral blood cells from acel-
lular-primed children produced lower levels of
pertussis-specific IL-17 when compared with
those from whole-cell-primed children (Schure
et al. 2013). A recent study by Bancroft et al.
(2016) showed that the initial Th1 versus Th2
programs that are induced by primary vaccina-
tion with whole-cell and acellular vaccines, re-
spectively, are maintained on boosting with
acellular vaccines, even decades after the pri-
mary dose. They also found stronger T-cell re-
sponses in acellular-primed individuals than in
those primed with whole-cell vaccines. This

further confirms that the differences in the cel-
lular response between the two vaccines are
not necessarily the result of a difference in the
magnitude of the vaccine response, but more
reflect differences in effector function of the
activated T cells. A recent study by de Rond
and colleagues (2015) found that CCR7 and
CD45RA expression on CD4þ T cells was lower
in the acellular-primed children, which may
suggest that the CD4þ T-cell responses in the
acellular-primed children are more terminally
differentiated than those seen in the whole-cell-
primed children. Although further research is
needed to fully understand the differences in
the human cellular response to pertussis vacci-
nation, these findings suggest that (repetitive)
acellular vaccination may lead to early exhaus-
tion of cellular immunity.

SKEWING OF IMMUNE MEMORY BY
PRIMARY AND BOOSTER VACCINATION

In summary, as illustrated in Figure 1, the mem-
ory responses seen after wP and aP priming are
quite different and are likely reflective of the
better long-term protection against pertussis
seen with the whole-cell vaccines. Acellular vac-
cine priming generates higher levels of antigen-
specific IgG1 to the antigens included in the aP
vaccine, but not to other antigens included in
wP vaccines. Acellular vaccine priming is asso-
ciated with skewing of the immune response to
a more Th2-like response, than that seen with
whole-cell priming. Repeated booster doses of
acellular vaccine in children primed with acel-
lular vaccine also have a profound impact on the
memory responses, generating high levels of an-
tigen-specific IgG4. IgG4 does not bind com-
plement, resulting in suboptimal antibody-de-
pendent, complement-mediated killing (Weiss
et al. 2004). Moreover, IgG4 may also contribute
to a suboptimal inflammatory response and im-
paired phagocytosis and antimicrobial defense.
Progressive skewing toward a Th2 response is
also seen in these children. In contrast, whole-
cell priming followed by aP vaccine boosters
may result in better opsonization, phagocytosis,
and antibody-dependent, complement-medi-
ated killing through the preferential induction
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of IgG1. In addition, memory responses to an-
tigens included in the whole-cell but not in the
acellular vaccines have been detected. Finally,
the recruitment and engagement of Th1/Th17
T cells is preferentially seen in children primed
with whole-cell vaccines.

Efforts directed to improve pertussis vac-
cines need to address the limitations of acellular
vaccine priming. Potential options to improve
the acellular vaccines include the addition of
other antigens, modification with adjuvants

to drive more Th1/Th17/IgG1 responses,
administering live attenuated whole pertussis
organisms as a priming dose before the admin-
istration of the acellular vaccines, reducing the
antigen content of the acellular vaccines, and
including pertussis antigens with more native
structures without chemical modifications. It
is hoped that a better understanding of the
immunologic differences between the immune
responses after acellular and whole-cell priming
will assist in this effort.

Primary
vaccination

Repeated acellular
booster vaccination

Protection

Non-aP antigens
aP antigens

0–12 mo 12–18 mo 4–6 yr 9–16 yr

0–12 mo

Whole-cell
pertussis
vaccine

Th1 Th17 Th1 Th17

Avidity

Avidity

PT

PT

Avidity

IgG1
IgG2

IgG1
IgG2

Acellular
pertussis
vaccine

Progressive loss
of protection

Th1/Th17
Th2

IgG1
IgG2   IgG4

IgG1
IgG2 IgG4

Avidity

Th2

12–18 mo 4–6 yr 9–16 yr

Th1/Th17

B. pertussis

B. pertussis

PT

Reduced Ab-dependent,
complement-mediated killing

Reduced inflammatory response

Reduced activation of phagocytes
and antimicrobial response

Reduced recognition of vaccine
antigen-deficient mutants 

Opsonization, phagocytosis, and
complement-mediated killing

Recognition of non-aP antigens

Recruitment and activation
phagocytes by T cells

Figure 1. Impact of primary and booster vaccination on protection against pertussis. Primary vaccination with
several doses of whole-cell or acellular vaccine occurs during the first year of life. Acellular vaccine priming
generates higher levels of antigen-specific IgG1, greater antibody avidity, and a more Th2-directed response than
whole-cell priming. Repeated booster doses of acellular vaccine in acellular-primed children generate more
antigen-specific IgG4, greater Th2 skewing, and much higher antibody avidity than acellular boosters in whole-
cell-primed children. Further, antibodies generated in whole-cell-primed children are functionally more active
in opsonization and killing of Bordetella pertussis organisms. Whole-cell-primed children retain protection
against pertussis organisms while acellular-primed children have a progressive loss of protection, also because of
the emergence of vaccine antigen-deficient mutants. The size of the text in the figure is proportional to the
relative magnitude of the response. (Larger text responses are greater than smaller text responses.) Green- or red-
colored text reflects the major immunological differences between the loss of protective responses with acellular
priming or the protection afforded with whole-cell priming, respectively.
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