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ABSTRACT Pertussis is a severe respiratory disease caused by Bordetella pertussis.
The classic symptoms of pertussis include paroxysmal coughing with an inspiratory
whoop, posttussive vomiting, cyanosis, and persistent coryzal symptoms. Infants un-
der 2 months of age experience more severe disease, with most deaths occurring in
this age group. Most of what is known about the pathology of pertussis in humans
is from the evaluation of fatal human infant cases. The baboon model of pertussis
provides the opportunity to evaluate the histopathology of severe but nonfatal per-
tussis. The baboon model recapitulates the characteristic clinical signs of pertussis
observed in humans, including leukocytosis, paroxysmal coughing, mucus produc-
tion, heavy colonization of the airway, and transmission of the bacteria between
hosts. As in humans, baboons demonstrate age-related differences in clinical presen-
tation, with younger animals experiencing more severe disease. We examined the
histopathology of 5- to 6-week-old baboons, with the findings being similar to those
reported for fatal human infant cases. In juvenile baboons, we found that the dis-
ease is highly inflammatory and concentrated to the lungs with signs of disease that
would typically be diagnosed as acute respiratory distress syndrome (ARDS) and
bronchopneumonia. In contrast, no significant pathology was observed in the tra-
chea. Histopathological changes in the trachea were limited to cellular infiltrates and
mucus production. Immunohistostaining revealed that the bacteria were localized to
the surface of the ciliated epithelium in the conducting airways. Our observations
provide important insights into the pathology of pertussis in typical, severe but non-
fatal pertussis cases in a very relevant animal model.

KEYWORDS nonhuman primates, Bordetella pertussis, histopathology, bronchiolitis,
pneumonia, Papio, baboon, infant, juvenile, infectious disease

ertussis is a severe respiratory disease caused by the Gram-negative bacterium Borde-

tella pertussis (1, 2). Despite high rates of vaccination, there has been a steady increase
in reported pertussis cases in high-income countries, including the United States, over the
last 20 years (https://www.cdc.gov/pertussis/surv-reporting.html). In 2012, the CDC re-
ported 48,277 cases of pertussis in the United States (http://www.cdc.gov/pertussis/
outbreaks/trends.html). It is likely that the number of reported cases significantly
underestimates the burden of disease, as many cases go unreported (3). The severity of
disease varies depending on the age, vaccination status, and history of exposure of the
infected individuals and ranges from asymptomatic infection to severe disease requir-
ing hospitalization (4). The classic symptoms of pertussis include paroxysmal coughing
with an inspiratory whoop, posttussive vomiting, cyanosis, and persistent coryzal
symptoms (3, 5). Young infants are much more likely to experience severe disease, with
most hospitalizations and deaths occurring in children under 2 months of age (4, 6).

Much of what is known about the pathology of pertussis in humans is from the
evaluation of fatal infant cases. Paddock et al. and others evaluated the pathology of
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fatal pertussis cases and found that each child experienced a descending respiratory
infection that was characterized by pulmonary hemorrhage and edema, necrotizing
bronchiolitis, and bronchopneumonia with damaged mucosa, denuded epithelium,
and cilium loss in the trachea (7-9). While the pathology of these cases provides
important insights into the damage inflicted on the respiratory system, these cases
represent the end-stage pathology of the most severe infections. Although the majority
of reported cases of pertussis in young infants are severe with significant morbidity,
pertussis is not typically fatal in the United States, even in this young patient popula-
tion. More typically, the patients eventually recover fully following a prolonged con-
valescent period (3, 5). Little is known about the pathology of these more typical cases
of pertussis.

The baboon model of pertussis provides the opportunity to evaluate the histopa-
thology of severe but nonfatal pertussis. The baboon model recapitulates the charac-
teristic clinical signs of pertussis observed in humans, including leukocytosis, paroxys-
mal coughing, mucus production, heavy colonization of the airway, and transmission of
the bacteria between hosts (10, 11). As in humans, the disease demonstrates age-
related differences in severity. Five- to 6-week-old (infant) baboons experience very
severe disease upon infection, often requiring euthanasia (12, 13). In contrast, 6- to
9-month-old (juvenile) baboons experience severe disease that lasts approximately 2
weeks, followed by a 2- to 3-week convalescence, resulting in a return to full health (10).
We examined the histopathology of 5- to 6-week-old baboons that required euthanasia
due to the severity of their disease following infection with B. pertussis, with the
findings being similar to those reported for fatal human infant cases (7-9). In juvenile
baboons, we found that the disease is highly inflammatory and concentrated to the
lungs with signs of disease that would typically be diagnosed as acute respiratory
distress syndrome (ARDS) and bronchopneumonia. Our observations provide important
insights into the pathology of pertussis in typical severe but nonfatal pertussis cases in
a very relevant animal model and suggest that many of the symptoms observed in
human patients can be attributed to severely compromised lung function.

RESULTS

Histopathology observed in 5- to 6-week-old infant baboons. We previously
conducted maternal vaccination studies in which we evaluated the ability of vaccina-
tion of pregnant female baboons with licensed and experimental vaccines to protect
newborn infants from disease following exposure to B. pertussis (12, 13). These studies
required inclusion of control animals whose mothers were not vaccinated during
pregnancy. The infants born to unvaccinated mothers experienced severe disease
following challenge that in some cases required humane euthanasia. Following eutha-
nasia, tissue samples were collected from these animals, based on the reasoning that
these samples allowed a comparison of severe infant baboon cases and fatal human
infant cases for which histopathology is available. Histopathological evaluation was
performed on samples from a total of five infant baboons that developed severe
pertussis at between 2 and 13 days postchallenge. Upon gross examination, the lungs
appeared very dense through the entire tissue and were mostly purple or dark in color.
Hematoxylin-eosin (H&E) staining of the lungs (all lobes), nasal cavity, and trachea was
performed. Microscopic examination revealed that the infection had a minimal impact
on the nasal cavity and trachea (Fig. TA). Instead, most of the damage was localized to
the lungs, with all lobes of both lungs having equal involvement. The lungs revealed
severe vascular leakage characterized by both acute hemorrhage and edema along
with an intra-alveolar cellular influx consisting of both neutrophils and macrophages
(Fig. 1B). Phosphotungstic acid-hematoxylin (PTAH) staining was also performed on
these samples to visualize fibrin deposition. The PTAH stain revealed dense deposits of
fibrin in the terminal (intra-alveolar) airways (Fig. 1C). The conducting airways revealed
evidence of an acute necrotizing bronchitis/bronchiolitis often characterized by muco-
sal damage and an intraluminal influx of both neutrophils and macrophages, blood,
and edematous fluid similar to that present in the terminal airways (Fig. 1D). In four of
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FIG 1 H&E and PTAH staining of tissue sections from 5- to 6-week-old baboons infected with B. pertussis. Five- to 6-week-old baboons
were challenged with B. pertussis. H&E- and PTAH-stained slides were prepared from tissues as described in Materials and Methods.
Representative images are presented. (A) Tracheal tissue stained with H&E showing intact cilia (arrow) and a normal appearance. (B) Lung
tissue stained with H&E showing severe acute vascular leakage and mostly acute inflammation. (C) PTAH staining of lung tissue indicating
intra-alveolar fibrin deposition in blue. (D) H&E staining of lung tissue showing necrotizing bronchitis/bronchiolitis. White arrow, bronchus,
intact mucosa; yellow arrow, damaged mucosa; black arrow, intralumenal blood and edematous fluid. Magnifications, X600 (A) and X200
(B to D).

the five animals examined, Gram-negative bacterial aggregates, lymphoid cells, alveolar
macrophages, and neutrophils were visualized in the terminal airways. Gram-positive
bacterial aggregates were discovered in the lung tissue of the fifth animal, indicating
that this animal had a secondary infection. This animal also had additional pathology
more severe than that in the other four animals with thrombi and abscess formation
with extensive parenchyma necrosis.

Histopathology observed in 6- to 9-month-old juvenile baboons. Juvenile ba-
boons 6 to 9 months of age were challenged as described in Materials and Methods to
study the pathology in severe but nonfatal pertussis. Baboons were euthanized, and
tissue samples were collected at three time points postinfection: day 2 (n = 3), which
represents early infection; day 7 (n = 3), which represents the peak of the infection; and
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FIG 2 Numbers of bacterial CFU in airway tissues. Six- to 9-month-old baboons were challenged with B.
pertussis, and samples were collected on days 2, 7, and 28 postchallenge. Tissues were weighed prior to
homogenization in PBS, and the CFU were enumerated after dilution and plating on Regan-Lowe plates.
The numbers of CFU per gram of tissue are reported. Direct comparison of bacterial numbers between
tissue types is not possible due to the differences in the densities of the different tissues.

day 28 (n = 2), when the animals would be expected to be clearing the infection. For
each animal, up to the time of euthanasia, the kinetics of infection of the nasopharynx,
the white blood cell (WBC) counts in the circulation, and the outward clinical signs of
disease were consistent with historical experience when animals allowed to progress
through disease and convalescence were followed (data not shown) (10, 14, 15). In
addition, tissue samples from euthanized uninfected controls (n = 3) were analyzed for
comparison to those from the infected animals. The CFU from tissue samples collected
from the larynx, trachea, and lung were enumerated (Fig. 2). At 2 and 7 days postin-
fection, we found that bacterial colonization was robust and diffuse throughout the
respiratory tract. By day 28, the bacterial burden was notably reduced in all collected
samples compared to that on days 2 and 7. These CFU data are consistent with our
historical experience with pharyngeal wash specimens (10, 14, 15), in which animals
clear infection in 4 to 6 weeks, indicating that these animals would likely have followed
the same disease progression and would have cleared the infection. In addition to
bacterial counts, pathology scores based on the histopathological observations were
also used to quantify the severity of disease in the lungs and trachea of each animal at
each time point (Fig. 3).

In all subjects, microscopic examination of the tracheal tissue samples with H&E
staining revealed relatively normal-appearing tissue without significant pathology at
any of the time points (Fig. 4A, B, and D). The primary finding was increased mucus and
an influx of neutrophils and eosinophils in the mucosa and submucosa at day 7
compared to the findings for tracheal tissue sections from uninfected controls (Fig. 4C).

In contrast to the minor pathology observed in the trachea, lung tissue samples
demonstrated marked disease progression over the course of infection when examined
by H&E (Fig. 5 and 6), PTAH (Fig. 7), and trichrome (Fig. 8) staining. Day 2 lung tissue
samples (Fig. 3 and 5B) exhibited evidence of marked vascular leakage compared to
that for the uninfected controls (average pathology scores, 2.6 for day 2 and 0 for the
controls), characterized by both intra-alveolar edema and hemorrhage with fibrin
deposition (Fig. 5B) in the alveolar spaces. Lung consolidation was also a severe change
relative to the findings for the uninfected controls (Fig. 5). In all lung tissue sections
evaluated, evidence of bronchopneumonia and an influx of primarily neutrophils were
noted, with a lesser number of macrophages, lymphocytes, and eosinophils being
detected (Fig. 5). Some conducting airways had moderate luminal obstruction due to
the presence of edematous fluid along with neutrophils and other cellular debris, which
may have been partially associated with an acute necrotizing bronchitis/bronchiolitis
and the sloughing of mucosal cells (Fig. 6A and B). A trichrome stain revealed minimal
evidence of interstitial fibrosis (Fig. 8B).

By day 7 postinfection, vascular leakage and intra-alveolar edema had decreased
compared to those on day 2 postinfection but were still moderate compared to those
in the uninfected controls (Fig. 3 and 5C), but the fibrin deposition remained compa-
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FIG 3 Pathology scores for 6- to 9-month-old baboons challenged with B. pertussis. Six- to 9-month-old
baboons were challenged with B. pertussis as described in Materials and Methods. Animals were
euthanized at days 2 (n = 3), 7 (n = 3), and 28 (n = 2). H&E-stained sections of the tracheal and lung
tissues of all animals were examined by a board-certified veterinary pathologist and scored for vascular
leakage, airway obstruction, BALT hyperplasia, and lung consolidation. Scores on a scale ranging from 0
to 4 were assigned as described in Materials and Methods. P values are reported relative to the naive

group.

rable to that in the uninfected controls (Fig. 7B and C). The lung pathology revealed
marked lung consolidation (average pathology score, 2.8) mostly composed of intra-
alveolar cellular infiltrates. Again, neutrophils were the most prominent immune cell,
with a lesser number of eosinophils, macrophages, and lymphocytes being observed
(Fig. 5C). Conducting airway luminal obstruction was more severe on day 7 (average
pathology score, 2.7) than on day 2, but the evidence of acute necrotizing bronchitis/
bronchiolitis was similar on both days (Fig. 3, 5C, and 6C and D). A trichrome stain
revealed minimal evidence of interstitial fibrosis (Fig. 8C).

By day 28 postinfection, the vascular leakage appeared to be resolved but lung
consolidation remained marked compared to that in the uninfected controls (Fig. 3).
Numerous areas of lung consolidation with cellular infiltrates were observed. In the
terminal airways, the cellular infiltrates were mostly comprised of macrophages, with
only occasional neutrophils and eosinophils being present. The conducting airways
were moderately obstructed by sloughed mucosal cells, and infiltrates were mostly
comprised of macrophages (Fig. 5D). Trichrome staining revealed evidence of promi-
nent collagen deposition (Fig. 8D). In one of the two animals, bronchus-associated
lymphoid tissue (BALT) hyperplasia was more prominent on day 28 than on day 2 or 7
(Fig. 3 and 5D). In the second animal, large areas of acute parenchymal necrosis with
abscess formation were observed with heavy infiltration of neutrophils along with
macrophages and lymphoid cells.

Fluorescent immunohistochemistry of the lung and tracheal tissue collected at 7
days postinfection was used to identify the location of B. pertussis bacterial cells by
using an antibody that binds to a surface protein of the bacterium. In the lungs, the B.
pertussis signal was found primarily in the bronchi either in mucous cellular debris that
was obstructing the airways or on the mucosal surface but was not observed in the
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FIG 4 H&E staining of tracheal tissue sections from 6- to 9-month-old baboons infected with B. pertussis. Six- to 9-month-old baboons were
challenged with B. pertussis. Tracheal tissue samples were collected on days 2, 7, and 28 postchallenge, and H&E-stained slides were
prepared as described in Materials and Methods. Representative images are presented. (A) Sample collected from an uninfected baboon.
(B) Sample collected from a baboon at day 2 postchallenge. (C) Sample collected from a baboon at day 7 postchallenge demonstrating
influx of neutrophils (red arrows) and excess mucus (black arrows) lining the mucosa. (D) Sample collected from a baboon at day 28
postchallenge. Magnifications, X600.

alveolar spaces (Fig. 9). A lack of B. pertussis staining in the underlying connective tissue
suggested that there was no bacterial invasion of tissues beyond the mucosal surface.
Similarly, in the trachea, B. pertussis staining was associated mainly with the mucosal
surface of the airway (Fig. 10). In the trachea, B. pertussis staining was also observed on
the mucosal surface of submucosal ducts but was not observed in any other underlying
tissue.

DISCUSSION

Much of our understanding of pertussis pathology in humans is based on the
histopathology of samples collected from fatal infant cases (7-9, 16). Although this
information provided a critical understanding of the pathology of the most severe cases
of pertussis, it may not accurately reflect the pathology of the more common cases of
pertussis in older infants and children that are severe but not fatal. The baboon model
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FIG 5 H&E staining of lung tissue sections from 6- to 9-month-old baboons infected with B. pertussis. Six- to 9-month-old baboons were
challenged with B. pertussis. Lung tissue samples were collected on days 2, 7, and 28 postchallenge, and H&E-stained slides were prepared
as described in Materials and Methods. Representative images are presented. (A) Sample collected from an uninfected baboon. Note that
the alveoli (*) are empty and there are few inflammatory cells in the interalveolar septum (yellow arrow). (B) Sample collected from a
baboon at day 2 postchallenge revealing marked vascular leakage consisting primarily of intra-alveolar edema (which stains pink; black
arrow). (C) Sample collected from a baboon at day 7 postchallenge revealing moderate vascular leakage and marked lung consolidation.
Note the almost complete loss of alveolar space and the influx of inflammatory cells and edema. (D) Sample collected from a baboon at
day 28 postchallenge revealing marked lung consolidation and BALT hyperplasia (white arrow) with the conducting airways obstructed
by macrophages and sloughed mucosal epithelial cells (black arrow). Magnifications, X200.

of pertussis allowed us to address this gap in our knowledge by providing pathology
samples from multiple time points from animals exhibiting severe but not fatal disease.
This was achieved by challenging animals following a protocol that has been demon-
strated to cause severe disease with symptoms that recapitulate the classic symptoms
observed in humans, including a convalescent period with eventual clearance of the
organism and a return to good health. In this study, we euthanized animals at defined
time points following challenge to evaluate the pathology. For each animal, up to the
time of euthanasia, the kinetics of infection of the nasopharynx, the WBC counts in the
circulation, and the outward clinical signs of disease were consistent with historical
experience with animals allowed to progress through disease and convalescence (10,
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FIG 6 Necrotizing bronchitis/bronchiolitis of 6- to 9-month-old baboon lungs infected with B. pertussis. Six- to 9-month-old baboons were
challenged with B. pertussis. Lung tissue samples were collected on days 2 and 7, and H&E-stained slides were prepared as described in
Materials and Methods. Representative images showing necrotizing bronchitis/bronchiolitis are presented. (A and B) Samples collected
from a baboon at day 2 postchallenge. (C and D) Samples collected from a baboon at day 7 postchallenge. For all panels, the lumen of
the bronchus is almost completely filled with edema, fibrin, and inflammatory cells (yellow arrows), and the mucosa (black arrows) has

been severely damaged. Magnifications, X200 (A and C) and X400 (B and D).

14, 15). Therefore, it is reasonable to assume that these animals would have followed
the same progression of disease and convalescence that is typically observed in
baboon pertussis challenges.

Infant baboons that were euthanized because of severe pertussis infection exhibited
a pathology similar to that observed in fatal human cases of B. pertussis (7-9, 16). In
both hosts, subjects experienced descending disease, with pulmonary hemorrhage,
edema, and fibrin deposits obstructing the terminal airways. The pathology observed
in the infant baboons resembled that in the early stages of acute respiratory distress
syndrome (ARDS) with mild evidence of acute nasopharyngitis and bronchopneumo-
nia. In the fatal human cases, the trachea revealed a partial loss of the ciliated
epithelium and damaged mucosa, while the infant baboon cases essentially had normal
tracheas. This difference in pathology could be due to inherent differences between
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FIG 7 PTAH staining of lung tissue sections from 6- to 9-month-old baboons infected with B. pertussis. Six- to 9-month-old baboons were challenged with B.
pertussis, and PTAH-stained slides were prepared as described in Materials and Methods. Representative images are presented. Lung tissue samples were
collected from uninfected animals (A) and from infected animals at day 2 postchallenge (B) and day 7 postchallenge (C), and intra-alveolar fibrin deposition
is shown in dark blue/purple (white arrows). Magnifications, X200.

humans and baboons or may be due to differences in the severity of the disease.
Although the infant baboons were comparable in age to the human infant cases,
ethical constraints required that these animals be humanely euthanized as soon as it
became clear that the animals were experiencing severe clinical disease. Therefore, the
pathology in these infant baboon cases would not be expected to be as severe as that
observed in human infant cases in which the individuals succumbed to infection. The
overall similarity in the pathology observed in the fatal human infant cases and the
severe baboon infant cases provides confidence that the baboon model can provide
useful information about the pathology of disease in nonfatal cases for which human
pathology data are not available.

When juvenile baboons were challenged with B. pertussis, most of the lung tissue
samples revealed the bacteria to be present on the ciliated surface of the mucosa,
suggesting that during infection B. pertussis largely colonizes the extracellular space on
the surface of the ciliated epithelium of the respiratory tract. The diagnosis, based on
the histopathology for all animals, was ARDS and bronchopneumonia. The changes
noted in the trachea were limited to excess mucus production and transmural inflam-
matory infiltrates consisting primarily of neutrophils at day 7. The lack of significant
pathology in the trachea is striking. In numerous studies utilizing polarized tracheal or
bronchial tissue culture or explanted nasal turbinate, adenoid, or tracheal organ tissue
culture, the ciliated epithelial tissues demonstrated ciliostasis, a loss of cilia, cell
extrusion, and sloughing of cells when infected with B. pertussis (17-19). Similar
damage was reported in a study examining nasal epithelial biopsy samples taken from
children with pertussis (20). It is possible that this represents a difference between
baboons and humans; however, in a study conducted in the prevaccine era, autopsy
samples collected from three children at between 1 and 3 years of age that died from
pertussis were examined. The ciliated tracheal epithelia were intact with some mucus
production, despite the presence of large numbers of bacterial cells in foci throughout
the tracheas (21). These findings are similar to our observations in the infected baboon
tracheas.

In contrast to the trachea, significant pathology was observed in the lungs. Lung
consolidation was rated as marked to severe at both day 2 and day 7. Vascular leakage
was marked at day 2 and only moderate at day 7. Deposits of fibrin were evident upon
staining with PTAH at both day 2 and day 7. In the conducting airways (bronchi and
bronchioles), transmural inflammatory infiltrates consisting primarily of neutrophils
with few to no macrophages were observed at days 2 and 7. Partial to complete luminal
obstruction due to an influx of inflammatory cells comprised mostly of neutrophils and
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FIG 8 Trichrome staining of lung tissue sections from 6- to 9-month-old baboons infected with B. pertussis. Six- to 9-month-old baboons
were challenged with B. pertussis, and trichrome-stained slides were prepared as described in Materials and Methods. Representative
images of lung tissue samples collected from uninfected animals (A) and from infected animals at day 2 postchallenge (B), day 7
postchallenge (C), and day 28 postchallenge (D) showing collagen deposition in blue are presented. Magnifications, X400.

sloughed mucosal epithelial cells was observed. At times this included evidence of
acute necrotizing bronchitis/bronchiolitis. The observation of cellular infiltrates consist-
ing primarily of neutrophils is in marked contrast to the observation in fatal human
infant cases, in which cellular infiltrates were comprised primarily of macrophages. This
difference probably reflects differences in the stage of disease progression rather than
differences in disease between the two species. Late in infection in the baboon model,
by day 28, neutrophils were replaced by macrophages. It is likely that the same
progression occurs in human cases, with neutrophils infiltrating in large numbers early
in the infection, followed by the recruitment of macrophages during later stages of the
disease. Our work in the baboon model as well as extensive work in the mouse model
and supporting serological studies in humans has resulted in the hypothesis that Th1
and Th17 responses resulting in the induction of opsonizing antibodies and the
recruitment of neutrophils to the site of infection are required for the effective
clearance of pertussis from the airway (15, 22-29). The observation, reported here, that
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FIG 9 Immunohistochemistry (IHC) staining of B. pertussis in lung tissue sections. Frozen lung tissue sections were prepared from infected animals on day 7
postchallenge as described in Materials and Methods. B. pertussis bacteria were visualized using rabbit polyclonal antibodies specific for a surface-exposed
antigen. Representative images are shown. Blue indicates the DAPI staining of the nucleus, red indicates the staining of F actin, and the green in panel A
indicates B. pertussis bacterial cells. (A) Bronchiole showing bacteria lining the mucosal surface. (B) Alveolar space of an infected animal showing an absence
of bacteria. Magnifications, X200 (A) and X100 (B).

neutrophils infiltrate the respiratory mucosa and luminal space in the airway early in
infection provides important support for that hypothesis.

Although all the classic hallmarks of inflammation are not present, the response to
B. pertussis infection observed in the lungs of the juvenile baboons is best described as

FIG 10 Immunohistochemistry (IHC) staining of B. pertussis in tracheal tissue sections. Frozen tracheal tissue sections were prepared from uninfected animals
(A) and from infected animals on day 7 postchallenge (B), as described in Materials and Methods. B. pertussis bacteria were visualized using rabbit polyclonal
antibodies specific for a surface-exposed antigen. Representative images are shown. Blue indicates the DAPI staining of the nucleus, red indicates the staining
of F actin, and the green in panel B indicates B. pertussis bacterial cells. Bacteria are observed on the mucosal surface in the tracheal lumen (white arrow) and
submucosal ducts (yellow arrow). Magnifications, X400.
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an inflammatory response in which the alveolar space within significant areas of the
lungs first fills with fluid, followed by cellular infiltration. Although this inflammatory
response may ultimately result in clearance of the infection, many of the symptoms
associated with acute pertussis could be attributed to the decreased lung function
resulting from the consolidation of large areas of the lung due to this inflammatory
response.

Although small numbers of bacteria were still present in both animals examined at
day 28, the lungs appeared to be recovering from infection at this point. H&E-stained
sections appeared mostly normal, although in one of two animals, significant BALT
hyperplasia was evident. This likely reflects a dramatic expansion of host immune cells
in response to the infection. Staining of day 28 lung tissue with trichrome indicated that
the intra-alveolar fibrin deposition seen at days 2 and 7 leads to the extensive
deposition of collagen observed at day 28. Anecdotal evidence indicates that some
individuals that have recovered from severe cases of pertussis relapse when subse-
quently exposed to mild respiratory viral infections (16). If the collagen deposition in
the lung that we observed at day 28 in juvenile baboons accurately reflects the
condition of the lungs in humans following recovery from a severe case of pertussis, it
may explain the increased sensitivity to subsequent respiratory assault. Until the
collagen is remodeled to restore normal tissue, the decreased lung capacity likely
exacerbates otherwise mild lung infections.

Taken together our results indicate that in severe but nonfatal cases of pertussis, the
infection involves the lung to a much greater extent than previously suspected and
involves the upper airway to a lesser extent. Although the impact of the infection
involves both the conducting (trachea, bronchi, and bronchioles) and gas exchange
terminal (alveolar) areas of the lung, the bacteria appear to be concentrated in the
conducting airways. Immunostaining for bacteria revealed bacteria adhering to the
mucosal surface in the trachea, bronchi, and bronchioles, but bacteria were not
routinely observed in the alveolar space. This is consistent with the known ability of B.
pertussis to adhere to ciliated epithelial surfaces.

The results of this study reveal for the first time the severity of the pathology in the
lungs in severe but nonfatal cases of pertussis. In addition to providing important
insights into pertussis disease, this study provides a useful model for examining the
ability of vaccines and therapeutics to prevent or reduce the observed pathology.

MATERIALS AND METHODS

Ethics statement. Animal procedures were performed in a facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International in accordance with protocols
approved by the University of Oklahoma Health Sciences Center Animal Care and Use Committee and the
principles outlined in the Guide for the Care and Use of Laboratory Animals by the Institute for Laboratory
Animal Resources, National Research Council (30).

Bacterial strains. Bordetella pertussis strain D420 was provided by the Centers for Disease Control
and Prevention. Bordet-Gengou (BG) agar plates were prepared with BG agar (Becton Dickinson, Sparks,
MD) supplemented with 1% proteose peptone (Becton Dickinson) and 15% defibrinated sheep blood.
Regan-Lowe plates were prepared from Regan-Lowe charcoal agar base (Becton Dickinson) with 10%
defibrinated sheep blood and 40 wg/ml cephalexin.

Infection of baboons. Baboons (Papio anubis) were obtained from the Oklahoma Baboon Research
Resource. All baboons were outbred, were free of tuberculosis, and had normal leukocyte concentrations
(range, 5,000 to 12,000/mm?3) at the time of infection. Infection of baboons and sample collections were
performed at the University of Oklahoma Health Sciences Center using previously published procedures
(10, 12, 13). Briefly, neonatal baboons 5 to 6 weeks of age were challenged with a freshly prepared
inoculum at a concentration of 108 bacteria/ml. Following anesthesia with ketamine and acepromazine,
the baboons were intubated with a 3.0-mm (inner diameter) endotracheal tube, and 0.5 ml of inoculum
was delivered through the tube to the proximal trachea. Subsequently, 0.25 ml of inoculum was
administered into each naris using a 22-gauge flexible Teflon catheter. Animals were placed into a sitting
position for 3 min prior to being returned to the cage, where they were observed until fully recovery from
anesthesia. Juvenile baboons 6 to 9 months of age were challenged with the same procedures, with the
exception that the inoculum concentration was 10° bacteria/ml and 1 ml was administered intratrache-
ally and 0.5 ml was administered into each naris as previously published (10).

Evaluation of animals. Baboons were anesthetized with ketamine. Whole-blood specimens were
evaluated for the number of circulating white blood cells by complete blood count. Each nasal pharynx
was flushed with 0.5 ml of phosphate-buffered saline (PBS), using a 22-gauge/3.2-cm intravenous
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catheter. The recovered nasopharyngeal wash (NPW) samples from both nares were combined, and 100
wul of the recovered sample was divided, serially diluted in PBS, and plated onto Regan-Lowe plates. The
CFU were enumerated after incubation at 37°C for 4 to 5 days. Infection with B. pertussis was confirmed
by examining the colony morphology and hemolysis on BG blood agar plates and PCR amplification of
1S481, a genomic insertion site that is specific for B. pertussis.

Tissue collection. Uninfected baboons and baboons experimentally infected with B. pertussis were
euthanized by intravenous overdose of sodium pentobarbital due to severe disease associated with
pertussis (infant baboons) or at days 2, 7, and 28 following challenge (juvenile baboons). Larynx, tracheal,
and lung tissue samples were collected immediately following euthanasia for histopathology, immuno-
histochemistry, and enumeration of the CFU. For each evaluation, sections were collected from the upper
and lower half of the trachea. Random sections were collected from each lobe of the lung.

Tissue CFU. For each animal, one piece of larynx tissue, two pieces of tracheal tissue (upper and
lower), and six pieces of lung tissue (two each from the upper, middle, and lower lobes) were weighed,
placed in PBS, and homogenized. Homogenized samples were serially diluted in PBS and plated onto
Regan-Lowe plates. The CFU were enumerated after incubation at 37°C for 4 to 5 days.

Histopathology. Tissues for histopathology were fixed with 10% buffered formalin, embedded, and
sectioned onto slides for staining with hematoxylin and eosin (H&E), phosphotungstic acid-hematoxylin
(PTAH), or trichrome stain. PTAH is a specialized stain used to demonstrate fibrin (which stains a dark
blue) in histopathology sections. The trichrome stain is a specialized stain used to identify collagen
(which stains light blue) in tissue sections. Stained slides were then visualized using an Olympus BX40
or Leica DMi8 microscope. The slides were evaluated by a board-certified veterinary pathologist and
scored for vascular leakage, lung consolidation, conducting airway obstruction, and BALT hyperplasia.
Scoring was performed by assigning a value on a scale of from 0 to 4. For the vascular leakage and lung
consolidation, the scoring system was based upon the percentage of terminal airways involved, as
follows: 0 was normal (0%), 1 was mild involvement (1 to 25%), 2 was moderate involvement (26 to 50%),
3 was marked involvement (51 to 75%), and 4 was severe involvement (greater than 75%). For airway
obstruction and BALT hyperplasia, the scoring system was based upon the same percentages listed
above for the terminal airways but for those conducting airways involved. Lung tissue from three
uninfected baboons was analyzed similarly.

Fluorescent immunohistochemistry. Tissues for immunohistochemistry were placed into OCT and
frozen immediately on dry ice following collection and stored at —80°C. Once frozen, OCT blocks of lung
and tracheal tissue samples from day 7 postinfection were sectioned and made into slides. Each slide was
then fixed with 4% paraformaldehyde, permeabilized with 0.01% Triton X-100, and then incubated with
a rabbit polyclonal antibody that recognizes a B. pertussis cell surface protein that was provided by
Amanda Burnham-Marusich (DxDiscovery, Inc., Reno, NV), followed by incubation with goat anti-rabbit
19G (H+L)-Alexa Fluor 488 secondary antibody, and then stained with rhodamine phalloidin, and staining
was completed with DAPI (4’,6-diamidino-2-phenylindole). The stained slides were then visualized using
a Nikon Eclipse 90i fluorescence microscope or a Zeiss LSM 710 confocal microscope.

Statistical analysis. All statistical analyses were performed using GraphPad Prism (version 5)
software. A nonparametric one-way analysis of variance with Dunn’s posttest using naive baboons as the
control or a one-sample t test using a hypothetical value of 0 with a 95% confidence interval was
performed.
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