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The USA is experiencing a pertussis resurgence that resulted in a 60-year high of 48,000 cases
in 2012. Our ability to counteract this resurgence is hampered by the fact that pertussis
pathogenesis and immunity to pertussis infection are not well studied. Studies in humans are
difficult due to the low frequency of pertussis in the population, the cyclical nature of
incidence and the sporadic geographic distribution of cases. While existing animal models
reproduce many aspects of pertussis, none of them adequately reproduces the full spectrum
of disease. We describe the baboon model of pertussis. The baboon model is the first animal
model that recapitulates the full spectrum of human pertussis including coughing and
transmission. This model is being utilized to examine pertussis pathogenesis and host
responses to infection and vaccination. It is likely the baboon model will provide an important

tool in the development of improved pertussis vaccines.
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History of pertussis disease & vaccination
in the USA
Pertussis is a highly contagious, acute respira-
tory illness caused by the bacterial pathogen
Bordetella pertussis 12). Classically defined per-
tussis consists of three stages. The catarrhal
stage consists of rhinorrhea, malaise and low-
grade fever. Over a period of approximately
1-2 weeks, the disease progresses to the paroxys-
mal stage, characterized by severe coughing
fits. These coughing paroxysms may be accom-
panied by the classic inspiratory whoop and
post-tussive emesis. Clinical symptoms include
high leukocytosis, hypoglycemia and reduced
pulmonary capacity. Symptoms slowly wane
and gradually resolve in the convalescent phase.
Complications associated with B. pertussis infec-
tion include conjunctival hemorrhage, inguinal
hernia, pneumonia, respiratory distress, seizures,
encephalopathy, apnea and death. The highest
incidence of disease is in infants too young to
have completed primary vaccinations and the
vast majority of severe pertussis cases requiring
hospitalization and fatal cases occur in infants
less than 3 months of age [34].

Before the advent of vaccines, pertussis was
a major burden in the USA, with reported

cases ranging from 100,000 to 265,000 per
year for the first half of the 20th century [s).
In the 1940s, the introduction of whole-cell
vaccines consisting of inactivated B. pertussis
organisms led to a precipitous decrease in per-
tussis incidence [6]. However, concerns over
side effects from combination diphtheria, teta-
nus and whole-cell pertussis (wP) vaccines
prompted the development of diphtheria, teta-
nus and acellular pertussis (aP) vaccines con-
sisting of purified B. pertussis toxins and cell
surface proteins. These vaccines had a greatly
improved safety profile compared with wP
vaccines [7]. Double-blinded clinical trials and
field-efficacy studies for the US licensed aP
vaccines estimated the short-term efficacy to
be excellent at preventing clinically diagnosed
pertussis: 85% after three doses and 98% after
five doses [8-10]. Based on these data, the US
Advisory Committee on Immunization Practi-
ces recommended aP vaccines for all primary
and booster doses in 1997 and wP vaccines
were phased out in the USA [s].

Pertussis is re-emerging in the USA &
other countries

Pertussis was once thought to be a relic of the
past and a major success story for worldwide
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vaccination programs. During the wP vaccine era between
1968 and 1992, only 1000-5000 pertussis cases were reported
to the CDC annually [11. However, the USA has experienced a
resurgence of pertussis over the past 25 years, beginning
roughly at the time of transition from wP to aP vaccines. In
each of the last 10 years, greater than 10,000 cases of pertussis
have been reported in the USA, and over the same time period,
we have seen increasing dramatic peak years of reported pertus-
sis cases in 2004, 2010 and 2012. In 2012, 48,277 cases were
reported, the most in nearly 60 years [s). Since pertussis diagno-
sis requires patients to become infected and develop symptoms,
the actual incidence of B. pertussis infection is likely higher
than the reported levels of diagnosed pertussis disease.

Among other countries with long-standing aP vaccination
programs, not all are experiencing increases in pertussis inci-
dence [12.13]. However, the situation in the USA is mirrored in
several developed countries with similar high rates of aP vacci-
nation. Notably, a large outbreak occurred in Australia from
2008 to 2012 when pertussis incidence reached 173 cases per
100,000 people [14] and more than 9000 cases were reported in
England in 2012, almost 10-times higher than the number
reported in the previous peak year [15].

Why is pertussis resurging?

While the reasons for the pertussis resurgence in the USA and
elsewhere are not completely understood, several hypotheses
have been proposed [1617). The pertussis resurgence is often
attributed to vaccine refusal in the USA. However, national
data indicate that greater than 95% of toddlers 19-35 months
of age have completed the three-dose priming series of aP vac-
cines arguing against this hypothesis [18].

The correlation between the onset of the pertussis resurgence
and the introduction of aP vaccines has led many to hypothe-
size that they are less effective on a population scale than the
wP vaccines they replaced (7.1920]. Consistent with this notion,
several recent observational studies concluded that children
primed with aP vaccine had a twofold to fivefold greater risk
of being diagnosed with pertussis compared with wP-primed
children [21-24).

Another hypothesis as to why pertussis is re-emerging is that
the duration of immunity in aP-vaccinated children is shorter
than anticipated. Recent cohort and case—control studies
concluded that 5 years following the fifth aP dose, children
are 4- to 15-fold more likely to acquire pertussis compared
with within the first year, consistent with waning aP
immunity [1025-27). However, it is important to bear in mind
that there is not a similar large-scale study tracking duration of
immunity in children after wP vaccination so care should be
taken in implying a causal relationship between waning immu-
nity elicited by the aP vaccine and the pertussis resurgence.

During the 2012 outbreak in Washington State, greater than
75% of children diagnosed with pertussis were up-to-date on
aP vaccinations highlighting that B. pertussis can infect fully
vaccinated individuals [28]. Another recent study showed that
vaccinated patients who are diagnosed with pertussis generally

have much milder symptoms compared with unvaccinated peo-
ple [29]. These findings, combined with data from the baboon
model of pertussis discussed below, suggest that aP vaccination
prevents symptoms but not infection [30]. Because of this, it is
likely that vaccinated people can become asymptomatically
infected and, since these people are not diagnosed, the true rate
of B. pertussis infection in the USA is underreported. Data
from the authors’ baboon model also raises the intriguing pos-
sibility that aP-vaccinated individuals can act as a reservoir for
B. pertussis circulation in the population [30). This idea is
strengthened by recent seroepidemiological studies showing that
B. pertussis circulation remains high in countries with excellent
aP uptake [3132]. Considering these data, the authors hypothe-
sized that an underlying cause for the pertussis resurgence is
that aP vaccines fail to prevent infection and as a consequence,
are less effective at preventing B. pertussis circulation within the
population compared with wP vaccines [30].

Animal models of pertussis & development of the
baboon model

Our ability to counteract the pertussis resurgence is hampered
by the fact that pertussis pathogenesis and immunity to natural
infection have not been well studied in humans. Although inci-
dence is increasing in some countries, the study of natural per-
tussis in humans is complicated, because the cyclical nature of
pertussis outbreaks and the geographic variability in incidence
makes it impossible to predict when or where future outbreaks
will occur. Human challenge studies have been proposed but
never conducted due to a variety of logistical and ethical prob-
lems including the potential for severe disease, the lack of an
effective therapeutic for established disease and the highly con-
tagious nature of pertussis (for a review, see: [33]). A variety of
animal models have been used to study the pathogenesis of per-
tussis, including mice, rabbits, guinea pigs and newborn piglets.
The strengths and weaknesses of these models have been
described in depth previously [343s]. While these models repro-
duce many aspects of pertussis, none of them adequately repro-
duce the full spectrum of the disease observed in humans. For
example, the mouse model is widely used to study the innate
and adaptive immune responses to pertussis infection and vac-
cination [19]. However, pertussis-infected mice do not cough or
transmit pertussis to naive mice so these models are not useful
for studying the mechanisms of B. pertussis circulation or the
ability of vaccines to prevent pertussis transmission. Because of
their close evolutionary relationship to humans, primates often
play a crucial role in research aimed at understanding, prevent-
ing and treating infectious diseases in humans. Published stud-
ies involving a variety of non-human primate species reported
that non-human primates develop all of the characteristic
markers of human pertussis [36-41]. In two studies performed in
the 1930s, chimpanzees challenged with B. persussis developed
severe pertussis characterized by nasopharyngeal colonization
and paraxosymal coughing followed by whoop and emesis [40.41].
The peak white blood cell counts in the infected chimpanzees
reached 132,000 cells/pl, similar to the levels observed in
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severely infected human infants [142]. These studies demonstrate
that chimpanzees provide an excellent model of pertussis, but
ethical considerations preclude their use in pertussis research.

Three studies reported mixed success in infecting Rhesus
monkeys with B. pertussis. Sauer and Hambrecht challenged
10 Rhesus monkeys (Macaca mulatta) and 18 Cebus capucina
monkeys with B. pertussis (39). Only 3 of 10 Rhesus and 5 of
18 Cebus monkeys developed pertussis. The course of disease
in these animals included a mild cough of short duration and
two- to threefold rises in white blood cell counts relative to
pre-infection levels. Culotta ¢# a/l. challenged 16 Rhesus mon-
keys and reported mild pertussis symptoms in only 1 animal (36].
When these researchers challenged two Erythrocebus patas mon-
keys, both animals developed pertussis characterized by a four-
to fivefold rise in white blood cell counts and a cough illness
lasting 28 and 40 days, respectively. In contrast, when
Sprunt ez al. challenged eleven E. patas monkeys, all 11 animals
were colonized but none developed symptoms [43]. As a first
step in developing a reliable non-human primate model of per-
tussis, the authors sought to revisit the suitability of Rhesus
macaques as a model of human clinical pertussis. The authors
challenged four young monkeys with B. pertussis strain D420, a
recent clinical isolate that was isolated from a human infant
with severe respiratory distress. Though all four monkeys were
colonized, only two had a significant rise in the WBC counts
(four- and sixfold, respectively), and just one developed a
cough (44]. The results of these studies confirm that pertussis
challenge of M. mulatta monkeys is not a good model for reca-
pitulating human clinical pertussis. Similarly, the authors and
others have found that Macaca fascicularis monkeys do not reli-
ably develop pertussis following direct challenge [33]. In contrast,
two older studies demonstrated that the closely related species
Macaca cyclopsis does develop pertussis following challenge [3738].
In these studies, coughing and animal-to-animal transmission
were noted but the disease was mild with peak white blood cell
counts noted between 15,000 and 43,000 cells/ul. While these
studies suggest that M. cyclopsis might provide a good model
of pertussis, this species is not readily available for biomedical
research.

After unsuccessful attempts at using M. mulatta and M. fasci-
cularis, the authors hypothesized that the high body tempera-
tures of these animals compared with humans may partly
explain the mild disease observed in macaques [3344]. The
authors subsequently found that B. permussis infection of
baboons (Papio anubis), which have a body temperature closer
to humans, produces a disease that is very similar to severe
clinical pertussis in children. Upon challenge, baboons experi-
ence 4-5 weeks of respiratory colonization and leukocytosis
peaking between 30,000 and 80,000 cells/pl, similar to the
range in pertussis-infected infants [144]. In addition, baboons
experience a paroxysmal cough illness characterized by repeated
fits of 5-10 coughs. The coughing fits last on average greater
than 2 weeks in the baboon, though this is less than some
severely infected children, where the cough can last up to
12 weeks [144]. We also characterized airborne transmission of

B. pertussis from infected to naive animals, which is the route
of transmission postulated to occur between humans [45).
Because this is the only model of pertussis to reproduce
the cough illness and transmission of the human disease, the
authors believe it provides the unique opportunity to study the
natural progression of pertussis pathogenesis and host responses
to infection and vaccination.

How to use the baboon model effectively: advantages
& disadvantages

The baboon model of pertussis has several advantages and dis-
advantages that need to be considered when designing experi-
ments. Among the major disadvantages is the high cost of
biomedical research using primate models. It is also important
to understand the ethical considerations related to responsible
use of non-human primates (46]. In addition, the baboon model
of pertussis requires special facilities for biocontainment since
B. pertussis is an airborne pathogen. For their experiments, the
authors designed a biocontainment bubble with laminar airflow
that allows for both direct challenge and airborne transmission
studies [45]. The costs and space requirements associated with
all primate models necessarily limit the number of experimental
groups and replicates that are feasible in any given study. In
addition, the number of baboons born each year for biomedical
research in the USA is estimated to be about 300, a relatively
small number compared with other non-human primate spe-
cies. Given the requirements to have closely age-matched ani-
mals within each experiment, this again limits study sizes.
Another drawback is the paucity of immunological reagents
that are validated for baboons compared with mice and
humans. While antibodies against cell surface markers are gen-
erally cross-reactive, anti-cytokine antibodies tend to be much
more species-specific in the authors’ experience. Finally, there
are likely to be genetic and environmental differences between
baboons and humans that influence immune responses to
vaccination and innate immunity to pertussis infection.

The primary benefit of the baboon model is the ability to
investigate pertussis pathogenesis, transmission and host
immune responses to infection and vaccination in a primate
species that is >96% genetically similar to humans [47). In con-
trast to macaques, baboons express all four IgG subtypes that
are found in humans, making them especially suited for vaccine
and infectious disease research for a variety of pathogens
including respiratory syncytial virus, Borrelia burgdorferi, West
Nile virus and Bacillus anthracis 148-52). Recent publications
have documented the similarity of experimental pertussis in the
baboon compared with natural pertussis in humans [444s). The
baboon model allows researchers to challenge infant baboons in
a well-controlled study, providing them the opportunity to
answer important questions about pertussis vaccination and
pathogenesis that could otherwise not be addressed in small
animal models or clinical studies. While small animal models
are less expensive and more convenient, their genomes are
more divergent with humans. Also, the baboon is the only ani-
mal model to demonstrate the paroxysmal cough illness and
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transmission that are characteristics of human pertussis. In
human clinical trials, pertussis diagnosis is only made after pre-
sentation of symptoms, leading to underreporting of mild or
asymptomatic cases [¢]. In the baboon model, colonization of
the respiratory mucosa and leukocyte counts can be followed
serially in baboons to track the infection in an unbiased man-
ner and assess the ability of vaccines to prevent colonization as
well as symptoms. These characteristics of the baboon model
allow researchers to more easily compare experimental groups
than in human clinical trials making the baboon a very useful
model for pre-clinical testing of novel pertussis vaccines
and therapies.

What the baboon model can teach us?
Using the baboon model to study current vaccines and as
a pre-clinical model for characterizing novel vaccines
In a recent study, the authors sought to determine if pertussis
vaccination and immunity from previous infection are able to
prevent B. pertussis colonization and transmission (summarized
in Tase 1) [30]. Using the adolescent baboon model, animals
were vaccinated with licensed diphtheria, tetanus and pertussis
vaccines containing either wP or aP components at 2, 4 and
6 months of age and challenged at 7 months (see Tasie 2 for a
description of the vaccines used). The aP group consisted of
equal numbers of animals vaccinated with Daptacel® or
Infanrix®

When directly challenged with a clinical isolate of B. pertussis,
unvaccinated animals were heavily colonized and had high
leukocytosis  before clearing the infection approximately
30 days following challenge. Convalescent (previously infected)
animals were not colonized and had no leukocytosis suggest-
ing that the adaptive immune response induced by pertussis
infection prevents re-infection. Vaccination with wP provided
intermediate protection: the animals were colonized but had
no leukocytosis and cleared the infection approximately
2 weeks faster than unvaccinated animals. Animals vaccinated
with aP were similarly protected from leukocytosis but were
heavily colonized and did not clear the infection faster than
The authors also tested whether aP
could prevent infection following airborne transmission from

unvaccinated animals.

an challenged animal and found there was no difference in
the peak levels of colonization or kinetics of colonization in
the aP-vaccinated and -unvaccinated animals infected by trans-
mission. These data suggest that in baboons, aP vaccines are
highly effective at preventing symptoms following pertussis
infection. This is an important point since the degree of leukocy-
tosis correlates with rates of hospitalization and fatality following
pertussis infection in infants [42). This is also consistent with a
recent report that pertussis disease is less severe in patients who
had previously received aP vaccination compared with patients
who had not been vaccinated [29]. However, if the authors’ find-
ings are relevant to humans, these data suggest that vaccinated
people can be asymptomatically infected with B. pertussis and act
as a reservoir for circulation within communities. To test this
hypothesis in baboons, the authors vaccinated the animals

with aP and directly challenge them. Each vaccinated animal
was placed in a separate cage and co-housed with an unchal-
lenged animal. In each case, the unchallenged animals gradu-
ally became infected and attained high levels of colonization.
These data confirm that it is possible for aP-vaccinated
baboons to transmit B. pertussis even when asymptomatic.

In an effort to understand how differences in the immune
responses to pertussis infection and vaccination may correlate
with the dramatic differences in the ability of each to prevent
colonization, the authors analyzed serum antibody levels and
T-cell skewing in the different groups prior to challenge. The
authors observed no major differences in antibody titers to the
four vaccine antigens or to whole-cell B. pertussis between
the aP, wP and convalescent groups suggesting that while
aP-induced antibody responses are likely sufficient for prevent-
ing symptoms, they cannot prevent mucosal colonization. This
notion is further supported by an observation the authors made
in their inital characterization of the model: when convalescent
baboons were re-challenged, the authors did not observe boost-
ing of ant-pertussis titers until day 5 following the secondary
challenge [44]. Since these animals were protected from coloni-
zation prior to the observed antbody boosting, these data sug-
gest that T-cell memory plays a substantial role in the
protective immunity observed in convalescent baboons. The
authors characterized the primary immune response to pertussis
infection by quantifying mucosal cytokine expression before
and after infection. Infected animals had strong induction of
IL-6, IL-23 and transient IL-1f [s3]. Consistent with the role
of these cytokines in the development of IL-17-producing
T cells (Th17 cells), the authors also observed strong expression
of IL-17 at the mucosa. In addition, several cytokines and
chemokines that are orchestrated by Th17 immune responses
were detected. The induction of IL-17 and IFN-y-secreting
CD4" cells in convalescent animals was also observed, consis-
tent with the induction of adaptive Th17 and Thl responses.
Importantly, these cells still remained 2 years after infection,
suggesting the T-cell memory to pertussis infection is long-
lived. These data shed important light on the innate and adap-
tive immune responses to pertussis in a primate infection
model and suggest that Th17 and Th1l immune responses con-
tribute to the sterilizing immunity conferred by B. pertussis
infection. When animals were vaccinated with aP or wP, the
authors found different T-cell skewing, depending on the vac-
cine. For the wP-vaccinated animals, the authors observed simi-
lar Th17 and Thl skewing, though the responses were milder
than infection. The aP-vaccinated animals on the other hand
displayed a mixed Th2 and Thl immune response with no
indication of Th17 immunity. From these data it appears that
Th17 responses correlate with protection against B. pertussis
infection since greater Th17 responses were associated with the
more protective immune responses elicited by previous infec-
tion, and to a lesser degree, wP vaccination. Two recent studies
in children vaccinated with Infanrix confirmed the authors’
finding that aP induces Th2 and Thl responses with no
Th17 response [5455]. To date, Th17 responses have not been
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Table 1. Summary of pertussis vaccine studies in the baboon model.

Adolescent
challenge

Infant challenge

Naive

aP vaccinated at 2, 4, 6 months

wP vaccinated at 2, 4, 6 months

Convalescent (previously challenged
animals that naturally cleared the
infection)

Naive

Neonatal vaccination: aP vaccinated
at 2 days

Neonatal vaccination: aP vaccinated
at 2, 28 days

Maternal vaccination (mother
primed with aP prior to pregnancy
and boosted with aP during the
third trimester)

4-10 months (13)

7 months (4)

7 months (3)

7-10 months at
re-challenge (8)

5 weeks (3)

5 weeks (2)

5 weeks (2)

5 weeks (7)

Animals were visibly ill, colonized for

4-5 weeks and developed cough illness
and high leukocytosis. Mucosal cytokine
responses in the first 2 weeks were
characterized by high IL-6 as well as

IL-17 and other cytokines and chemokines
associated with IL-17 responses. Antibody
titers were detectable by 2-3 weeks,
peaked around the time of clearance and
remained high for at least 6 months.
Following clearance, animals developed
long-lived (>2 years) Th17 and

Th1 memory responses

Antibody titers were very high prior to
challenge and animals possessed Th2 and
Th1 memory responses. Animals were
colonized for 4-5 weeks but did not
cough or have leukocytosis

Antibody titers were very high prior to
challenge and animals possessed Th17 and
Th1 memory responses. Animals were
colonized for 2-3 weeks but did not
cough or have leukocytosis

Antibody titers were very high prior to
challenge and animals possessed stronger
Th17 and Th1 immune memory responses
compared to WP vaccination. Following
second challenge, animals were not
colonized and had no symptoms

Animals were severely ill with cough illness
and high leukocytosis. Complications
included reduced physical activity (2/3) and
death related to bacterial pneumonia
(1/3). Animals were colonized for about

5 weeks

Animals possessed significant anti-pertussis
antibody titers prior to infection. Upon
challenge, animals were colonized for

5-6 weeks but appeared healthy and did
not cough or have leukocytosis

Anti-pertussis antibody titers prior to
infection were higher compared to the
single vaccination group. Upon challenge,
animals were colonized for 5-6 weeks but
appeared healthy and did not cough or
have leukocytosis

Animals had significant anti-pertussis
antibody titers prior to infection. Upon
challenge, animals were colonized for
5-6 weeks but appeared healthy and did
not cough or have leukocytosis

[30,44,53]

(30]

(30]

[30,44,53]

(86]

(86]

(86]

(86]

aP: Acellular pertussis; wP: Whole-cell pertussis.
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Table 2. Components of pertussis vaccines used in baboon studies.

Trade name Daptacel®
Manufacturer Sanofi Pasteur, Ltd.
Diphtheria toxoid 15 Lf

Tetanus toxoid 5 Lf

Whole-cell Bordetella pertussis -

Inactivated pertussis toxin 10 ug

Filamentous hemagglutinin 5 ug

Pertactin 3 ug

Fimbriae types 2 and 3 5 ug

Aluminum (from aluminum phosphate) 0.33 mg

Infanrix® Triple Antigen

GlaxoSmithKline Biologicals Serum Institute of India

25 Lf 20-30 Lf
10 Lf 5-25 Lf
- >4 U

25 pg -

25 ug -

8 ug -

<0.625 mg <1.25 mg

"For all reported baboon studies, the aP group consisted of equal numbers of animals vaccinated with Daptacel or Infanrix.
aP: Acellular pertussis; Lf: Limit of flocculation; IU: International unit; wP: Whole-cell pertussis.

studied in wP-vaccinated humans or pertussis-infected humans.
A potential protective role for Th17 memory is intriguing since
these responses have been shown to be important in controlling
extracellular bacterial infections at respiratory surfaces through
the induction of granulopoiesis and recruitment of neutrophils
and macrophages to the infected mucosa [56]. Previous work in
mouse models has shown that IL-17 signaling is important for
protection from B. pertussis and other extracellular respiratory
pathogens, including Klebsiella pneumoniae (57-60). Further data
will be required to determine what role IL-17 and Th17 cells
play in protection from B. pertussis in baboons and whether a
similar response is observed in infected humans.

In the future, this same experimental outline can be applied
for studying the ability of novel vaccines to prevent coloniza-
tion and transmission. A major lingering question in pertussis
vaccine research is whether it is possible to skew the immune
response toward more protective cell-mediated immunity by
substituting novel adjuvants for the aluminum phosphate adju-
vant used in currently licensed vaccines [61]. Current data on
the wP vaccine suggests that inducing a more natural immune
response is likely to result in greater protection. Data from the
mouse model suggest that addition of the toll-like receptor
9 (TLRY) agonist CpG to alum-adjuvanted aP vaccines enhan-
ces Thl immunity and provides better protection from coloni-
zation compared with aP vaccines with alum only [s862). Since
TLR4 appears to be critical for innate recognition of B. pertus-
sis, it seems plausible that an aP vaccine combined with a
TLR4 agonist (e.g., the lipopolysaccharide derivative mono-
phosphoryl lipid A) could induce an immune response that
more closely resembles the protective responses to infection or
wP vaccination while retaining the exceptional safety profile of
the current aP vaccines. Such a vaccine could be particularly
useful as a booster if it is able to ‘reprogram’ the Th2 immune
response induced by the infant primary aP vaccine doses and
push the immune response towards a more protective immune
response. The baboon model will also be extremely useful in

testing novel routes of immunization. Given the compartmen-
talization of the mucosal immune system, it is possible that a
properly adjuvanted aP or live, attenuated vaccine administered
intranasally would provide much better protection from coloni-
zation than the same vaccine administered parenterally. Data
from human cell culture and mouse models suggest that intra-
nasal administration of the live, attenuated pertussis vaccine,
BPZE1, induces a more natural immune response characterized
by Th17 and Thl immune responses [63.64].

Because it allows researchers to assess vaccine-mediated pro-
tection through direct challenge, the baboon model will also be
useful in defining immunological correlates that predict protec-
tion against B. pertussis colonization and pertussis symptoms.
Immunologic correlates provide a major advantage in character-
izing vaccines because they allow efficacy to be determined
using a validated laboratory assay in place of much more costly
clinical end point efficacy studies [¢5]. In most diseases where
an immunological correlate has been defined, protection is pre-
dicted by a certain level of serum antibody to a specific anti-
gen. For example, protection from tetanus requires vaccinees to
have a certain level of serum anti-tetanus toxin. For other dis-
eases that require cell-mediated immunity for protection, it has
been proposed that cytokine responses and T-cell memory
profiles may provide more relevant immunological corre-
lates [66). The fact that B. pertussis infection provides immu-
nity to re-infection in the baboon model argues for the
existence of a strong and protective adaptive immune
response [4453]. However to date, there is no scientifically
well-established immunologic marker that predicts protection
against pertussis [67]. This is likely because of the complexities
of the host immune responses required to prevent both colo-
nization at the respiratory mucosa and systemic toxin-
mediated symptoms. It is likely that serum antibody levels
against pertussis toxin are required for preventing severe per-
tussis, at least in part by blocking pertussis-toxin induced leu-
kocytosis [68.69]. However, it is possible that Th17 and/or
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Thl memory responses may provide a correlate for preven-
tion of B. pertussis colonization [30].

Identifying vaccine strategies to protect newborns
The highest incidence of pertussis is in infants too young to
have completed primary vaccinations and the vast majority of
severe pertussis cases requiring hospitalization and fatal cases
occur in infants less than 3 months of age (34]. In infants requir-
ing admission to intensive care units, mortality rates can
approach 50-70% and common complications include bacterial
pneumonia and pulmonary hypertension [42.70-72]. These under-
vaccinated infants also display the highest levels of leukocytosis
following pertussis infection and it is postulated that the high
leukocyte mass can lead to vessel blockage, restricted blood flow
and exacerbate the development of pulmonary hypertension [73].
Several strategies have been proposed to reduce the incidence
of pertussis in infants during the first few months of life,
including cocooning, neonatal vaccination and maternal vacci-
nation. Cocooning was proposed as a mechanism to indirectly
reduce infant exposure to B. pertussis by vaccinating parents,
siblings and other frequent contacts of newborns. The rationale
for cocooning is based on the evidence that infants most often
acquire pertussis from a parent or other family member (74-76).
However, in an evaluation of the effectiveness of cocooning in
four Houston hospitals, no significant benefit was observed [77].
Another disadvantage of cocooning is that it is not cost—effective
compared with strategies that provide direct protection to the
newborn [78). Additionally, the authors recenty showed that
aP vaccinated baboons are not protected from B. pertussis
infection and can transmit pertussis to naive cage mates, sug-
gesting that cocooning may not optimally protect infants even
if fully implemented (30]. The apparent failures to reduce
infant pertussis by vaccinating contacts suggest that newborns
need anti-pertussis antibodies in order to be protected for the
first few months of life. Immunization at birth (neonatal vac-
cination) has been proposed based on the demonstration that
newborns are able to mount antibody responses to aP vacci-
nation [79.80]. Alternatively, vaccinating women in the third
trimester of pregnancy has been proposed and is now recom-
mended by the US Advisory Committee on Immunization
Practices [8182]. Several studies demonstrated safety and effi-
cient transplacental transfer of anti-pertussis antibodies sup-
porting the potental of this approach [83-8s. However, data
showing that either strategy is effective at reducing severe per-
tussis in infants has not been available. Using their infant
baboon model, the authors evaluated the ability of neonatal
and maternal vaccination to protect neonates against severe
disease following direct challenge with B. pertussis (36 The
maternal and neonatal vaccination groups consisted of equal
numbers of animals vaccinated with Daptacel and Infanrix.
For the maternal vaccination study, eight adult female
baboons were primed with aP vaccine. After becoming preg-
nant, the animals were boosted with the same aP at the
beginning of the third trimester. Seven infants born to vacci-
nated mothers and three infants born to unvaccinated mothers

were weaned at 4 weeks of age and challenged a week later.
All three infants born to unvaccinated mothers were notice-
ably more ill compared with pertussis-infected adolescent
baboons and exhibited severe pertussis characterized by respi-
ratory colonization, high leukocytosis and cough illness. Two
of the three animals had reduced physical activity and one
died from complications from bacterial pneumonia. The infants
born to aP-vaccinated mothers had equivalent levels of
B. pertussis colonization but possessed anti-pertussis serum
antibodies and were fully protected from all signs and symp-
toms of severe pertussis. In agreement with these findings,
recent data from the UK suggest that the large-scale imple-
mentation of a maternal vaccination program reduced severe
pertussis in infants during the 2012 outbreak. When pregnant
women received a tetanus diphtheria and acellular pertussis
booster at least 7 days prior to delivery, maternal vaccination
was 91% effective at preventing hospitalization of infants due
to severe pertussis [13].

For the neonatal vaccination study, two animals were vacci-
nated with a single aP dose at 2 days of age and two additional
animals were vaccinated twice, at 2 days and 28 days. A single aP
vaccination at 2 days of age resulted in increased anti-pertussis
antibody titers with some boosting observed in the group
receiving two aP vaccinations. Following direct challenge with
B. pertussis at 5 weeks of age, all four neonatal vaccinated animals
were heavily colonized but fully protected from severe pertussis
signs and symptoms. Similar to the authors’ results in 7-month-
old baboons, these data suggest that it is possible for the immune
response to aP to prevent severe pertussis without blocking respi-
ratory colonization. While there are no clinical efficacy data on
the ability of neonatal vaccination to prevent pertussis, these
findings are consistent with recent studies showing that aP
vaccines reduce pertussis morbidity and hospitalization rates in
infants after a single dose at 2—-3 months of age [87.88).

The fact that protection was equivalent in neonatal vacci-
nated infants and maternal vaccinated infants suggests that
aP-induced antibody responses are sufficient to prevent leuko-
cytosis and severe pertussis. The authors’ results in the baboon
model provide a proof-of-concept that both neonatal and
maternal vaccination can confer protection against severe per-
tussis during the first months of life. For neonatal vaccination,
it is important to consider that there is a delay between vacci-
nation and the induction of protective immunity. So although
neonatal vaccination is likely to shorten the window of vulnera-
bility, infants will remain vulnerable in the initial weeks follow-
ing the birth dose of vaccine. In addition, maternal vaccination
provides the added advantages of protecting the mother as well
as providing antibodies to the infant from birth. Another
important consideration is that neonatal vaccination seems to
be more likely to interfere with future vaccinations in the
infants compared with maternal vaccination [89.90]. For these
reasons, maternal vaccination has recently gained favor in the
USA and other countries [6]. The infant baboon model can
provide an efficient and cost—effective approach to obtain pro-
tection data when exploring different combinations of priming
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and boosting vaccines for use in maternal vaccination in the
developed and developing world and for evaluating the ability
of novel vaccines to protect newborns. In addition, this model
will allow researchers to further investigate the mechanisms that
contribute to fatal pertussis disease in newborns and test the
effectiveness of novel therapeutics or critical care strategies
aimed at reducing mortality from severe pertussis.

Using the baboon model as a tool to study pertussis
pathogenesis & identify novel antigens
Because of the dramatic cough associated with classical pertussis,
the well-established dogma is that B. persussis infection is trans-
mitted via aerosolized respiratory droplets [1]. However, since
cough and transmission are not observed in any of the animal
models, it was never possible to definitively characterize the route
of B. pertussis transmission. In the baboon model, infected ani-
mals experience a significant paroxysmal cough illness that
lasts for at least 2 weeks when the animal is most heavily colo-
nized [44]. The authors next designed an experiment to ask
whether B. pertussis is transmissible in baboons. Two animals
were directly challenged with B. pertussis and were co-housed
with two unchallenged animals to study B. pertussis transmis-
sion between baboons in close contact. In addition, animals
were placed in cages seven feet away from the infected ani-
mals in such a way that these animals could only become
infected by airborne transmission [45]. The authors found that
all co-housed animals became colonized after an average of
9 days. Colonization in the transmission animals increases
gradually and reaches levels that are identical to those seen in
directly challenged animals. Animals in the isolated cages also
became infected after an average of 19 days suggesting that
the force of infection decreases with distance from the shed-
ding animals. The authors believe the baboon model will be
instrumental in furthering the understanding of pertussis
transmission through elucidation of the mechanisms and path-
ogen and host factors involved. Another important use of the
baboon model will be studying the mechanisms of the cough
and the link between cough and transmission. Currently, the
mechanism by which B. pertussis infection induces the very
unique paroxysmal cough is a subject of much controversy [91].
It is important to note that the authors observed transmission
from aP-vaccinated animals in the absence of coughing sug-
gesting that cough is not absolutely required for transmission.
In addition, since aP-vaccinated baboons are protected from
cough in spite of high levels of respiratory colonization, these
data suggest that ant-pertussis serum antibodies in vaccinated
animals can prevent the cough illness. This is also consistent
with the recent finding that pertussis cases in vaccinated indi-
viduals are less severe and are less likely to be associated with
severe cough illness compared with unvaccinated people [29].
The baboon model will also be useful for asking targeted ques-
tions about pertussis pathogenesis [9192]. As an example, since the
amount of adenylate cyclase toxin produced during an infection
is unknown, it is not clear what role the toxin plays in pathogene-
sis and what concentrations of toxin are relevant to use 77 vitro.

Eby et al. showed that adenylate cyclase toxin concentrations in
the nasopharyngeal washes from baboons at the peak of infection
ranged from 1 to 5 ng/ml [93]. This was similar to the levels char-
acterized in samples from two human infants (12 and 20 ng/ml).
Bearing in mind that these concentrations are diluted during the
nasopharyngeal wash procedure, these data confirm that adeny-
late cyclase toxin is expressed in significant amounts during
B. pertussis infection and suggest a relevant range of toxin concen-
trations that can be used for 7 vitro studies.

There are several long-standing questions with regards to per-
tussis pathogenesis that the baboon model will be useful in
addressing. For example, the only studies examining the sites of
B. pertussis colonization in the respiratory tract and pertussis-
associated pathology in humans comes from autopsy examina-
tions of pertussis-infected infants [172]. Since pertussis fatality
rates are at most 2% for the youngest infants, these data represent
the most severe pertussis cases. The baboon model can be used to
further the understanding of pertussis pathology during normal,
uncomplicated pertussis infection in primates by collecting sam-
ples at various sites in the respiratory tract and analyzing for colo-
nization and histopathology. Similar studies will also be useful
for determining whether vaccination causes differences in coloni-
zation patterns in vaccinated versus unvaccinated baboons.

The authors also believe the baboon model will allow
researchers to identify novel virulence factors that are required
for pertussis infection and could potentally be developed as
vaccine antigens. Alternatively, potential virulence factors that
are identified 7z vitro or in small animal models can be con-
firmed in the baboon model. The importance of this type of
discovery research is highlighted by the emergence of pertactin-
deficient B. pertussis strains over the last several years in the
USA and elsewhere. In 2012, these strains were estimated to
make up >50% of the circulating strains in the USA [9495).
Pertactin-deficient strains are appearing simultaneously in other
countries that use aP, possibly due to the rapid global transmis-
sion of B. pertussis strains [96-99]. While pertactin is considered
a protective antigen, there do not appear to be any major clini-
cal differences between patients infected with pertactin-deficient
or pertactin-expressing strains [100]. Consistent with these find-
ings, a pertactin-deficient clinical isolate obtained from the
CDC was tested in a preliminary study in the baboon model
and the authors observed no defects in colonization or leukocy-
tosis compared with a clinical isolate expressing pertactin [WAaR-
FEL JM, MERKEL TJ, UNPUBLISHED DATA]. Further, deletion of
the pertactin-encoding gene from B. pertussis causes only minor
if any deficiencies in lung colonization in the mouse model
arguing against the requirement for compensatory mutations in
the pertactin-deficient strains [101). So while pertactin may be
protective against wild-type strains, these data suggest it is not
required for B. pertussis infection, which has likely contributed
to the rapid evolution of pertactin-deficient strains. In the
future, the baboon model will be useful in identifying essential
virulence factors that are immunogenic that would be strong
candidates for next-generation vaccines. Finally, the baboon
model provides a powerful tool for testing the assumptions
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guiding next-generation pertussis vaccines and for generating
proof-of-concept to support clinical trials of new vaccines.

Expert commentary

In spite of widespread vaccine coverage, pertussis is re-emerging
in the USA and other developed countries. Our incomplete
understanding of pertussis pathogenesis and vaccinology has
hampered our ability to respond to this important public
health concern. Many questions remain unanswered because
pertussis is not well studied in humans and, untl recently,
there has not been an animal model that adequately reproduces
the full spectrum of the human disease. Experimental pertussis
in the recently developed baboon model closely matches clinical
pertussis in humans, including the development of paroxysmal
cough and the demonstration of host-to-host transmission. The
baboon model is a powerful tool with enormous potential to
unravel many of the long-standing mysteries of pertussis patho-
genesis and identify the mechanisms underlying the worldwide
pertussis resurgence. In the last 2 years, data from the baboon
model have already provided the first definitive evidence that
B. pertussis is transmitted by respiratory droplets, have vastly
increased our knowledge of immunity to B. pertussis infection
and vaccination and have suggested that aP vaccines control
pertussis symptoms but do not prevent colonization or
transmission. In addition, the baboon model has provided

proof-of-concept that maternal and neonatal vaccination will be
effective at preventing infant pertussis. These results, summa-
rized in Tasee 1, highlight the utility of the baboon model as an
important tool for pre-clinical evaluation of pertussis vaccines
and therapeutics.

Five-year view

In the next 5 years, the reagent tool kit available for characteri-
zation of baboon immune responses will be greatly improved,
allowing us to probe even deeper into the complex host—patho-
gen interactions. Data from the baboon model will uncover
potential antigens for novel aP vaccines by identifying the
immune targets to infection, which is more protective than vac-
cination. Pre-clinical studies testing novel vaccine adjuvants and
routes of administration will provide a solid immunological
basis to begin to develop novel vaccines that are capable of pre-
venting colonization and transmission of B. pertussis.
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Key issues

e Despite widespread vaccine coverage in the USA, pertussis incidence has been increasing at an alarming rate.

e The lack of an animal model that fully replicates the human disease has limited our understanding of pertussis pathogenesis and

hampered our ability to respond to this important public health concern.

e A baboon model for pertussis was recently developed that closely matches the clinical illness, including development of paroxysmal
cough and demonstration of host-to-host transmission by aerosolized respiratory droplets.

e Acellular pertussis vaccination in baboons induces a Th2-skewed immune response and prevents pertussis-associated symptoms but does

not prevent mucosal colonization or host-to-host transmission.

e Infection by live Bordetella pertussis and whole-cell vaccination induce immune responses that are characterized by Th17 memory and

provide protection from colonization.

e These data suggest that acellular-vaccinated people are a possible reservoir for B. pertussis circulation and that Th17 responses may be

required to prevent B. pertussis colonization.

e In the future, the baboon model will be useful for unraveling some of the mysteries of pertussis pathogenesis and as a pre-clinical tool

for evaluating novel pertussis vaccines.
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