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ABSTRACT

Whooping cough, or pertussis, incidence has reached levels not seen since the 1950s. Previous studies have shown that
antibiotics fail to improve the course of disease unless diagnosed early. Early diagnosis is complicated by the non-diagnostic
presentation of disease early in infection. This review focuses on previous attempts at developing novel host-directed
therapies for the treatment of pertussis. In addition, two novel approaches from our group are discussed. Manipulation of
the signaling pathway of sphingosine-1-phosphate, a lipid involved in many immune processes, has shown great promise,
but is in its infancy. Pendrin, a host epithelial anion exchanger upregulated in the airways with B. pertussis infection,
appears to drive mucus production and dysregulation of airway surface liquid pH and salinity. In addition to detailing these
potential new therapeutic targets, the need for greater focus on the neonatal model of disease is highlighted.
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INTRODUCTION

Whooping cough, or pertussis, is a vaccine preventable, acute
respiratory disease caused by infection with Bordetella pertussis
or B. parapertussis. The majority of whooping cough research to
date has focused on the optimization and development of safe,
effective vaccines. In the USA, a sharp decline in incidence and
mortality of disease was observed following the introduction of
the whole cell vaccine, DTP, in the 1940s, with historically low
incidence reported in the 1970s (CDC 2013). However, safety con-
cerns over reactogenicity led to the development and use of the
acellular vaccine, DTaP. Unfortunately, the acellular vaccine has
reduced efficacy in terms of both duration of protection and in-
duction of an appropriate immune memory for bacterial clear-
ance (Rowe et al. 2000, 2005; Klein et al. 2012). The rapidly waning
immunity provided by DTaP has been associated with a resur-
gence of whooping cough incidence in recent years and the pro-
posal of new vaccine strategies involving multiple booster ad-
ministrations. In addition to reduced efficacy, current vaccine

strategies have apparently selected for the emergence of strains
lacking pertactin, a common component of DTaP (Barkoff et al.
2012; Lam et al. 2014; Pawloski et al. 2014; Zeddeman et al. 2014).
The reemergence of pertussis, the presence of ‘vaccine escape
strains’ and recent reports highlighting the appearance of an-
tibiotic resistant B. pertussis necessitates a change in how we
treat this disease (Guillot et al. 2012). In the absence of an im-
mediate change in vaccine formulation or administration policy,
we believe that it is of great importance to place new focus on
therapeutics for the treatment of those who have contracted the
disease. This is also necessary as those individualsmost suscep-
tible to severe disease are typically at pre-vaccine age.

In unvaccinated children, the duration and severity of dis-
ease is typically lesser for those patients infectedwith B. paraper-
tussis than B. pertussis infection (Heininger et al. 1994; Liese et al.
2003). Coinfection with B. pertussis and B. parapertussis has been
documented (Mertsola 1985; Iwata et al. 1991), and it has been
postulated that, under these conditions, pertussis toxin (PT) pro-
duced by B. pertussis enhanced the ability of B. parapertussis to
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Figure 1. Schematic of pertussis classical and severe disease and points of therapeutic intervention. Classical pertussis (A) is readily broken into three stages, each
with specific clinical manifestations. Severe disease (B), most commonly observed in unvaccinated infants, presents with multiple complications. S1P, sphingosine-1-
phosphate; ACTZ, acetazolamide; ECMO, extracorporeal membrane oxygenation.

colonize the host, thereby providing a competitive advantage to
the bacterium (Worthington, Van Rooijen and Carbonetti 2011).
This review will focus on the more significant disease caused by
B. pertussis and assess current treatment options as well as dis-
cussing emerging novel therapeutics.

CLINICAL MANIFESTATIONS OF WHOOPING
COUGH DISEASE

In order to assess the therapeutic benefits of proposed treat-
ments, it is first important to understand the disease itself.
The classical manifestation of pertussis disease is its distinct

paroxysmal cough with vigorous inspiratory effort resulting in
the characteristic whooping sound associated with the disease.
However, disease symptoms are quite heterogeneous, ranging
from a mild manifestation indistinguishable from viral respi-
ratory infection to severe disease with paroxysmal cough. This
heterogeneity is associated with stage of disease, degree of im-
munity and patient age. The classic course of B. pertussis infec-
tion is broken into three stages: catarrhal, paroxysmal and con-
valescent (illustrated in Fig. 1).

The first phase of disease, the catarrhal stage, is a critical
point for intervention. However, pertussis is often under diag-
nosed at this period due to the presence of mild, non-specific
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symptoms such as rhinorrhea and progressive cough. Consid-
erable efforts have been made to address disease at increas-
ingly early stages. These efforts include the screening of house-
hold contacts and PCR-based diagnostics (Lind-Brandberg et al.
1998; Raymond et al. 2007). In patients identified early as hav-
ing pertussis, the use of macrolide antibiotics has been associ-
atedwith improved survival rates in infants (<3months) (Winter
et al. 2015). However, for other individuals, despite increasing the
speed at which patients become culture negative, antibiotics do
not change the clinical course of disease (Altunaiji et al. 2007).
While untreated patients remain contagious into the paroxys-
mal stage, the catarrhal stage is considered themost contagious
(CDC 2015a). Hence, antibiotic intervention at this initial phase
of infection, and the resulting nasopharyngeal sterilization, has
the potential to greatly reduce transmission rates, thereby ben-
efiting the herd even in the absence of improving patients’
symptoms.

The catarrhal stage lasts 1–2 weeks and is followed by more
severe symptoms characterizing the paroxysmal phase of dis-
ease. During the classical paroxysmal stage, the preceding mild
cough develops into a full paroxysmal cough, with fits of 5–10 or
more forceful coughs in a single expiration. Coughing episodes
average 15 attacks per 24 h but can increase to 30 or more in
severe cases and may persist for up to 10 weeks. This paroxys-
mal cough is exacerbated by the presence of thick, non-purulent
mucus that is difficult to clear and hence drives more force-
ful expirations (Olson 1975; Soane et al. 2000). Samples obtained
postmortem from infected infants have highlighted the impact
of this mucus—one investigation described widespread mucus
plugging of the airways (Smith and Vyas 2000), while another
detailed the partial occlusion of small bronchioles with a mix
of mucus, bacteria, necrotic debris and inflammatory cells (Pad-
dock et al. 2008), though it should be noted that these are ex-
amples of extreme cases where B. pertussis infection resulted in
death. Among infants and younger children, the intensity of B.
pertussis-induced cough brings with it other complications; pa-
tients will also present with posttussive vomiting. In addition
to the cough-related effects, apnea and cyanosis may also be
present at this stage. Classical symptoms are reduced in their
severity but not duration amongst B. pertussis infected, other-
wise healthy, adolescents and adults. One study described the
mean duration of cough as 10 weeks for adolescents (12–17
years old) and 12 weeks for adults (≥18 years old), with inspira-
tory whoop observed in 24% and 74% respectively and posttus-
sive vomiting present in 25% of adolescents and 64% of adults
(De Serres et al. 2000). A study by Strebel et al. (2001) described
a paroxysmal cough in adults that lasted a median of 6 weeks,
with 26% of subjects presenting with a whoop, 56% with post-
tussive vomiting and 100% with posttussive gagging. Hence, al-
though pertussis can be considered at its most severe as a pedi-
atric infection, the disease still has a significant impact on the
lives of adolescents and adults. Studies on the economic burden
of this pathogen indicated that individual adults incurred indi-
rect, nonmedical costs of approximately US $450 and missed a
mean of 9.8 days from work, while adolescents typically missed
5.5 days of school and, as expected, experienced lower indi-
rect costs (Caro et al. 2005). However, those studies were based
on costs prior to 2003 and have likely increased with inflation.
Hence, targeting cough for therapeutic intervention during both
the catarrhal and paroxysmal phases of disease has the poten-
tial to (i) reduce transmission (as the pathogen is spread via
aerosolized dropletsWarfel et al. 2012; predominantly during the
catarrhal stage), (ii) reduce the paroxysm-associated physiolog-
ical complications and (iii) reduce overall socioeconomic costs.

The classical convalescent stage is characterized by a gradual
(1–3 weeks), continuous decline in cough and return to normal.
Therefore, it is of little benefit to intervene with therapeutics at
this phase of disease.

As mentioned above, there is a wide spectrum of clinical
manifestations associated with whooping cough disease: while
most individuals will experience symptoms similar to or milder
than the classical characteristics, a small percentage of infected
persons, mostly unvaccinated infants, develop a severe exac-
erbated disease which can lead to hospitalization and death.
Between 1997 and 2000 in the United States, there were 7203
cases of reported pertussis disease in infants <6 months of age,
with 63.1% of those requiring hospitalization (Mattoo andCherry
2005). In 2008, 195 000 childhood deaths were attributed to per-
tussis worldwide (WHO 2011), while in the USA there were 76
916 cases of whooping cough reported in 2012/2013, of which 33
resulted in death. The majority of deaths in the USA are among
infants <3 months old (27 of 33 deaths) (CDC 2015b). These in-
fants are typically unvaccinated, as the vaccination schedule in
the USA starts at 2 months of age, and is not complete until 6
months of age. This leaves infants less capable of bacterial clear-
ance by the adaptive immune system. In addition to reduced
ability to control the infection, an immature immune system
and/or general differences in physiology may contribute to the
disease severity, as immunocompromised adults rarely report
severe pertussis disease, and birth weight and gestational age
were recently identified predictors of death (Winter et al. 2015).

There are a number of clinical features associated with se-
vere disease (Fig. 1), though not all are concomitant with in-
creased likelihood of death. Cough-associated apnea persists in
all age groups, though severity is reduced with increasing pa-
tient age. Infected infants may be too weak to whoop or their
cough so faint that it goes unrecognized; however, apnea still
presents as a common disease manifestation in this age group
(Christie and Baltimore 1989). In this population, it is common,
with severe disease, for hypoxia as a result of apnea to cause
seizures (Mattoo and Cherry 2005); however, apnea itself does
not appear to correlate with death. Conversely, the seizures
themselves are strong predictors ofmortality (Winter et al. 2015).
While an increase in circulating immune cells is typical of B.
pertussis infection, among infants, disease severity correlates di-
rectly withwhite blood cell (WBC) count and lymphocytosis (Mc-
Gregor, Ogle and Curry-Kane 1986; Christie and Baltimore 1989).
Young infants will present with WBC counts of >30 000 cells/ml
and may reach up to 100 000 cells/ml (Mattoo and Cherry 2005),
with 60–80% lymphocytes. Fatal cases are linked to higher peak
WBC and lymphocyte counts and a more rapid onset (Winter
et al. 2015). This clinical manifestation is driven by a virulence
factor secreted by B. pertussis, PT, and is hypothesized to be the
cause of the occlusion of pulmonary arterioles, venules and lym-
phatics observed postmortem in lung tissue samples from lethal
pertussis cases (Paddock et al. 2008). These small vessel leuko-
cytic aggregates are considered one of the factors contributing
to the irreversible pulmonary hypertension, which is associated
with the largest increase in risk of death. Other factors thought
to contribute to pulmonary hypertension include acute respi-
ratory distress syndrome and pulmonary vasoconstriction as a
result of hypoxia (Paddock et al. 2008). Hence, in cases of se-
vere disease, therapeutic interventions targeting cough, apnea,
leukocytosis or pulmonary hypertension represent great can-
didates to reduce B. pertussis-linked morbidity and mortality
(Fig. 1). Currently, no reproducibly effective therapy exists for the
treatment of severe pertussis. Here, we aim to evaluate previous
attempts at treating pertussis using host-directed approaches.
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ADJUNCT PERTUSSIS TREATMENTS
Anti-PT immunoglobulin

Compelling evidence exists suggesting that anti-PT antibodies
are sufficient to confer protection against the severest manifes-
tations of pertussis. Single component acellular pertussis vac-
cines demonstrate that these antibodies can protect against dis-
ease (AdHocGroup for the Study of Pertussis Vaccines 1988; Olin,
Storsaeter and Romanus. 1989). In addition, during the conva-
lescent stage of disease, patients develop strong antibody re-
sponses to PT. Since 1935, attempts have been made to utilize
immune sera in the treatment of pertussis (Bradford 1935). Early
trials using sera from convalescent patients produced inconclu-
sive results. Murine studies, using pooled plasma from donors
immunized with inactivated PT demonstrated normalization of
leukocyte counts, improved weight gain, and significantly im-
proved survival following administration of sera (Bruss and Siber
1999). Bruss et al. (1999) went on to perform human trials using
multiple doses of intravenous antipertussis immunoglobulin (P-
IGIV) in 26 pertussis-infected infants. Administration of P-IGIV
resulted in boosts of serum anti-PT antibody titers, decline in
lymphocytosis and reduced paroxysmal coughing. These data,
and the data of others (Adler and Morse 1973), confirm that
PT-directed therapies are a viable approach in the treatment of
pertussis, despite the long-lived nature of PT-mediated G pro-
tein modifications. Unfortunately, however, the most recent at-
tempts at examining the use of P-IGIV were not as successful.
A 2007 multicenter trial detailing 25 patients undergoing daily
P-IGIV infusions found no benefit in terms of number of parox-
ysmal coughs per hour (Halperin et al. 2007). One possible ex-
planation for the differences noted in these studies is the age of
patients receiving P-IGIV. In the successful study of Bruss et al.
(1999), inclusion was limited to infants less than 2 years old,
compared to the cut-off of 5 years in the later study (Halperin
et al. 2007), even though both patient sets had similar mean
ages (9.7 weeks vs 2.3 months). It should also be noted that the
Halperin et al. study was concluded prematurely due to the ex-
piration of P-IGIV preparations, achieving only 15% of their in-
tended study size.

Bronchodilators

The paroxysmal cough associatedwith pertussismay contribute
to many of the complications associated with severe pertus-
sis. In an effort to reduce complications associated with this
cough, multiple efforts have focused on the potential impact
of bronchodilators. In a case report focusing on the treatment
of two infant patients, the use of the bronchodilator salbuta-
mol was shown to reduce both the number of paroxysms and
their duration, within 24 hours of treatment (Tam and Yeung
1986). However, larger clinical trials on the impact of salbu-
tamol have been less encouraging. One double-blind, placebo-
controlled crossover study in nine hospitalized children aged be-
tween 1.5 and 27months demonstrated no significant effects on
the course or severity of disease (Krantz, Norrby and Trollfors
1985). A similar study performed one year later reached sim-
ilar conclusions while measuring impact on cough paroxysms
(Mertsola, Viljanen and Ruuskanen 1986).

Antihistamines

Active PT causes a robust histamine sensitization, which, in an-
imal models where histamine is administered post-PT inocu-
lation, can lead to anaphylactic shock and death (Munoz et al.

1981). The effect of PT on histamine sensitivity, combined with
the knowledge that histamine can induce cough, led to the hy-
pothesis that treatment of infected patientswith antihistamines
may reduce pertussis cough.

The only clinical trial on the impact of antihistamines on
pertussis disease, using the antihistamine diphenhydramine,
showed no significant ability to reduce cough paroxysms (Dan-
zon et al. 1988). However, in a 1951 letter to the British Medical
Journal, Clifton J. Strauss detailed his experience using the anti-
histamine pyribenzamine in treating pertussis patients (Strauss
1951). Strauss claimed to see a reduction in both the number and
severity of paroxysms in over 65% of patients. As a consequence
of this reduction in cough, Strauss noted decreases in vomiting
and dehydration, common complications of pertussis disease. It
is also noted that removal of treatment resulted in the return of
cough, demonstrating that the drug failed to alter the course of
disease, but was effective in managing disease symptoms. One
reason for the difference in results noted between these studies
could be the potential antispasmodic activity of pyribenzamine
compared to diphenhydramine. While this is not clear, it may
warrant a reinvestigation of adjunct therapy with dedicated an-
tispasmodic drugs.

Steroids and corticosteroids

Citing links to a possible ‘allergic effect of B. pertussis on the
coughing centre’ (Frobisher 1965), Zoumboulakis et al. (1973)
investigated the use of the steroid hydrocortisone for 7 days
on pertussis-related cough. The authors noted a reduction in
‘cough, whoop and vomiting’ after 3 days of treatment, with pa-
tients <9 months of age experiencing the greatest benefit. De-
spite this relative success, the authors caution that steroid treat-
ment should only be considered in the most severe cases. An
increase in pulmonary inflammatory infiltrate was also noted
in those receiving hydrocortisone compared to control (15% vs
10%), further highlighting the need for caution with such an ap-
proach.

One study with the corticosteroid dexamethasone measured
the impact of administration on hospital stay (Roberts, Gavin
and Lennon 1992). Roberts et al. found that patients receiving
dexamethasone did not spend significantly less time in hospital
than their placebo controls.

Extracorporeal membrane oxygenation

A common complication associated with severe pertussis is re-
duced gaseous exchange owing to obstruction of the alveolar
spaces with infiltrating immune cells (Paddock et al. 2008). To
treat patients with breathing difficulties, mechanical ventila-
tion or extracorporeal membrane oxygenation therapy (ECMO)
can be used. ECMO involves removing the carbon dioxide from
a patient’s blood while oxygenating their red blood cells. ECMO
is used in intensive care medicine when a patient’s heart and
lungs are unable to provide sufficient gaseous exchange to sup-
port life. ECMO is recommended for treatment of hypoxemic res-
piratory failure, hypercapnic respiratory failure, refractory car-
diogenic shock and cardiac arrest among other maladies (ELSO
2013) and has been used in the treatment of recalcitrant pertus-
sis when respiration is sufficiently impacted.

In one study of 800 children undergoing ECMO, 12 were be-
ing treated for severe, life-threatening pertussis (Pooboni et al.
2003). All children were less than 3 months of age and had yet
to receive a pertussis vaccination. Despite ECMO treatment, 7 of
the 12 patients succumbed to infection.Mortalitywas associated
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with elevated neutrophil counts and pulmonary hypertension at
presentation. The authors of this meta-analysis suggested that
ECMO should be offered to children with severe pertussis and
respiratory failure refractory to mechanical ventilation.

Leukodepletion

Elevated WBCs are associated with severe pertussis and among
the best predictors of fatal infection (Mikelova et al. 2003). Row-
lands et al. (2010) described the treatment of 19 patients over
an 8-year span receiving leukodepletion therapy. To deplete
leukocytes, ECMOwas performedwith a leukocyte filter, thereby
removing cells before reinfusion of oxygenated blood. ECMO
therapy, used exclusively in intensive care situations, has been
associated with a 70% fatality rate, due to its use being restricted
to intensive care situations. Patients undergoing leukodeple-
tion in this study had mortality rates of 45% between 2001 and
2004, and 10% from 2005 to 2009 (Rowlands et al. 2010). The im-
provement in survival rates following additive leukocyte deple-
tion, in conjunction with the potential benefit associated with
earlier administration of ECMO therapy, highlights the as-yet-
unrealized potential of this therapy. Recent case reports have
also shown success in treating severe pertussis with combined
ECMO and leukodepletion (Assy et al. 2015). Techniques such as
ECMO, leukodepletion and exchange blood transfusion (not dis-
cussed here) are currently limited by the last resort nature of
their use. Studies examining the use of these interventions ear-
lier in disease may produce superior outcomes.

NOVEL POTENTIAL THERAPEUTIC TARGETS
FOR PERTUSSIS
Manipulation of airway anion channels

The role of anion exchangers iswell established in cystic fibrosis,
a disease also associated with a persistent cough. Cystic fibro-
sis is initiated by chromosomal mutations in the CF transmem-
brane conductance regulator (CFTR). In the airways, this anion
channel mediates the export of Cl− and thiocyanate ions from
epithelial cells. When mutations occur in CFTR, the Cl− airway
surface liquid (ASL) levels are reduced, leading to dehydration of
the ASL and hyperconcentrated mucus. These conditions then
drive a reduction in periciliary liquid depth, which inhibits cilia
beating, thereby reducing mucociliary clearance of pathogens
and making the airways vulnerable to infection and inflamma-
tion. Hence, pharmacological strategies are now aimed at im-
proving CFTR function with corrector–potentiator combination
therapies (in cases where CFTR is present on the epithelial sur-
face but specific mutations have led to reduced functionality) or
targeting other ion channels in an effort to restore ASL home-
ostasis using specific activators and blockers (Mall and Galietta
2015).

In a microarray analysis of murine pulmonary genes reg-
ulated by B. pertussis infection in the absence or presence
of PT, our group identified an anion exchanger, slc26a4, as
one of the most highly induced PT-associated genes (Connelly,
Sun and Carbonetti 2012). Tissue samples from B. pertussis-
infected baboons also display upregulation of this gene com-
pared with mock-infected animals (Scanlon et al. unpublished
data). SLC26A4, or pendrin, is an anion exchanger found at
multiple sites throughout the body, including the lungs. In
the airways, pendrin mediates the export of HCO3

− and thio-
cyanate from the cytoplasm and imports Cl− (Pedemonte et al.
2007; Garnett et al. 2011). To date, there have been few studies

evaluating the role of pendrin during infection. Preliminarywork
from Adams et al. (2012) suggests that pendrin is also upregu-
lated in the airways of Staphylococcus aureus-infectedmice, while
slc26a4 gene levels also appear to correlate with common cold
severity among human subjects (Nakagami et al. 2008). In our
B. pertussis infection model, and perhaps in response to other
respiratory pathogens, we hypothesize that upregulation of
pendrin serves as an antimicrobial response by the host, via ef-
flux of thiocyanate. In the airways, thiocyanate (SCN−) is ox-
idized by H2O2, in a reaction catalyzed by lactoperoxidase, to
produce hypothiocyanate (OSCN−). This molecule is bacterici-
dal and bacteriostatic, functioning by inhibiting bacterial respi-
ration (Thomas and Aune 1978). In support of this theory, we
found that B. pertussis-infected pendrin knockout mice had ele-
vated bacterial loads throughout the course of infection (Scan-
lon et al. 2014). However, further investigation is necessary to
directly attribute this increased colonization to a reduction in
OSCN− levels.

A role for pendrin in the induction of airway inflamma-
tion and pathology has already been established for diseases
of the airways unrelated to infection. One study by Yick et al.
(2013) described pendrin as the most highly upregulated gene in
bronchial biopsies from asthmatics versus controls, and in ad-
dition, functional mutations of pendrin, that result in enhanced
activity, have been proposed to play a role in the pathogene-
sis of hypertension and/or asthma and COPD (Dossena et al.
2011). In mouse models, overexpression of pendrin in the air-
ways drives enhanced mucus production and neutrophil infil-
tration, along with increased chemokine production and airway
hyperreactivity (Nakao et al. 2008). In an ovalbumin challenge
model of airway hyperresponsiveness, pendrin-deficient mice
displayed reduced pulmonary pathology, airway hyperreactivity
and inflammatory cell influx. Tracheal epithelial cells from these
mice also exhibited increased ASL thickness in response to IL-
13 stimulation comparedwith IL-13-stimulated control pendrin-
expressing cells, suggesting that reductions in airway pathology
in pendrin-deficient mice result from improved ASL hydration
(Nakagami et al. 2008). Work from our group has demonstrated
a similar role for pendrin in infection-induced airway inflam-
mation. Pendrin-deficient mice infected with B. pertussis pre-
sentedwith a significant reduction in lung inflammatory pathol-
ogy, compared with infected pendrin-expressing mice. In our
model, however, we were surprised to observe higher levels of
inflammatory cytokines and chemokines in infected pendrin-
deficientmice compared with infected pendrin-expressingmice
(Scanlon et al. 2014). As pendrin exports HCO3

− and imports Cl−,
we hypothesize that in the absence of pendrin the ASL would
have an increased acidity and salinity. Such conditions would
be suboptimal for the activity of both antimicrobial factors and
chemokines (Pezzulo et al. 2012). Dairaghi et al. (1997) found that
the activity of the chemokine receptor CCR3 in its interaction
with CCL11 was greatly decreased by a modest decrease in pH
and increase in salinity. Hence, while in the absence of pendrin,
cytokine and chemokine levels are high despite low infection-
induced airway pathology, we propose that the activity of those
proteins is reduced due to the ASL environment.

In an attempt to modulate pendrin function in a murine
model of B. pertussis infection,we treatedmice dailywith the car-
bonic anhydrase inhibitor, acetazolamide (ACTZ). By inhibiting
the production of HCO3

−, we hoped to recreate the ASL pheno-
type observed in pendrin-deficient mice. We found that indeed
when infected mice received this daily treatment a significant
reduction in airway pathology was observed, despite unchanged
pendrin levels (Scanlon et al. 2014). But how would ACTZ
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treatment in mice compare with its effect on humans with
pertussis disease? This question is difficult to answer as there
is no research directly linking B. pertussis-induced inflamma-
tory pathology in the mouse with the human disease. However,
examination of how inhaled ACTZ has been used previously
to treat other exacerbated airway conditions may allow us to
hypothesize on how this drug may benefit pertussis patients.
Cough induced by low-chloride-ion solutions in healthy indi-
viduals was significantly attenuated when inhaled ACTZ was
administered prior to challenge (Foresi et al. 1996). Asthmatic
hyperresponsiveness induced by hyperventilation of cold, dry
air was also diminished with ACTZ inhalation (O’Donnell et al.
1992), while metabisulfite- or deep inspiration-induced bron-
choconstriction among asthmatics was also lessenedwith treat-
ment (O’Connor et al. 1994; Spicuzza et al. 2003). Hence, it is pos-
sible that reduced pathology in our murine model may translate
to a reduction in cough among pertussis patients with classi-
cal disease. In addition, ACTZ has been shown to be efficacious
and safe for treatment of high-altitude pulmonary hypertension
(Richalet et al. 2008), so perhaps a role for ACTZ in pertussis-
induced infant hypertension is also yet to be discovered.

Given that CFTR functions to export Cl− and pendrin func-
tions to import Cl−, it is possible that overexpression of pen-
drin, as observed with B. pertussis infection (Connelly, Sun and
Carbonetti 2012; Scanlon et al. 2014), yields a similar phenotype
to mutation of CFTR in the lungs. The excess Cl− reabsorption
would correlate with increased water uptake by the cells and
hence a dehydration of the ASL. Furthermore, the observations
of enhanced mucus production with elevated pendrin expres-
sion and increased ASL thickness in the absence of pendrin, all
point towards pendrin as amajor regulator of ASL hydration and
mucus density. Therefore, we hypothesize that pertussis disease
drives pendrin overexpression leading to reduced ASL depth and
increased mucus thickness and, through this pathway, poten-
tially facilitates the production of the non-purulent, thick, dif-
ficult to clear mucus observed during the catarrhal stage of the
disease. This suggests that modulation of Cl− import by pendrin
during B. pertussis infection or stimulation of enhanced Cl− se-
cretion by other anion channels could also serve to attenuate the
mucus-induced pathology.

Manipulation of the sphingosine-1-phosphate pathway

Sphingosine-1-phosphate (S1P) is a signaling lysophospholipid,
involved in multiple biological processes. Importantly, its regu-
lation is linked to the control of inflammation (Rivera, Proia and
Olivera 2008; Spiegel and Milstien 2011). Sphingosine is phos-
phorylated by sphingosine kinase 1 and 2, following its produc-
tion via the N-deacylation of ceramide. S1P levels are tightly
controlled, with S1P lyases and phosphatases responsible for its
degradation and dephosphorylation.

Limited work has been done determining the potential im-
pact of exogenous S1P receptor agonism in an infectious dis-
ease setting. Early work in this field demonstrated increased in-
tracellular killing of Mycobacterium tuberculosis by macrophages,
grown in media containing S1P. Additionally, Garg et al. (2004)
noted a 47% decrease in mycobacterial growth in mice receiv-
ing 20 nanomoles of S1P via i.v injection. However, no work of
clinical significance followed. Work by the Rosen group demon-
strated that S1P receptor agonism during influenza virus infec-
tion resulted in quelling of the cytokine storm and rescuedmice
from lethal infections (Teijaro et al. 2011; Walsh et al. 2011a, b).

The repurposing of FDA-approved drugs for treating in-
fectious diseases is becoming a popular way to defer costs

associated with research and development while expediting the
time to market (Skerry et al. 2012, 2014). The S1P receptor ago-
nist Fingolimod received FDA approval in 2010 for the treatment
of multiple sclerosis. Fingolimod is a S1P receptor modulator,
whose function inMS ismost likely tied to its ability to sequester
lymphocytes within lymph nodes, preventing the amplification
of the autoimmune response. Other S1P receptor agonist drugs
are in clinical trials for treatment of a number of inflammation-
associated pathologies (Gonzalez-Cabrera et al. 2014).

S1P signaling occurs via five high-affinity G protein-coupled
receptors, S1P1-5. As S1P signaling occurs via PT-sensitive Gi/o-
coupled receptors, it has been hypothesized that the action of
PT on these Gi/o proteins may prolong inflammation in whoop-
ing cough. The potential for S1P pathway manipulation in per-
tussis was highlighted by our work using the S1P receptor ago-
nist AAL-R. A single dose of AAL-R, shortly after infection, was
shown to dramatically reduce pertussis-mediated inflammatory
cytokine expression and lung pathology (Skerry et al. 2015). Fur-
therwork by us demonstrated that treatment can be delayed and
still have a significant impact on pathology, indicating potential
therapeutic use of this approach (Skerry et al. unpublished data).
Many questions remain to be addressed before S1P agonism can
be thought of as a valid treatment in pertussis. One issue with
targeting the S1P pathway is the potential for PT, produced by
the bacterium post-inoculation but before treatment is admin-
istered, to inactivate the Gi/o proteins coupled to the S1P recep-
tors, potentially disabling the treatment target. For this reason,
studies addressing treatment at time pointsmore closely related
to clinical presentation are needed.

A common issue with murine pertussis studies is the fo-
cus on the adult mouse model. Adult mice, like humans, will
clear B. pertussis infection, with inflammation and infection re-
solving without intervention. However, infantmice and humans
are much more susceptible to fatal infection than their adult
counterparts. For this reason, increased focus on neonatal mod-
els of pertussis infection will be helpful. Neonatal mouse mod-
els have been used in the pertussis field, but efforts have fo-
cusedmostly on their utility in vaccine studies (Nascimento et al.
2009; Skerry et al. 2009; Gracia et al. 2011; Polewicz et al. 2011;
Feunou et al. 2014). Despite widespread efforts to find adjunct
treatments, little effort has focused on potential interventional
treatments of neonatal disease. Our preliminary work (Skerry et
al. unpublishedwork) with thismodel suggests that S1P receptor
agonist treatment may be highly beneficial in reducing neona-
tal death associated with pertussis infection, and that, as in hu-
man disease, PT-dependent increases in leukocytosis may be a
key contributor to neonatal death. It is conceivable, based on the
sequestering of lymphocytes by Fingolimod in MS, that similar
treatments in pertussis may impact leukocytosis. Indeed, early
studies with murine analogs of Fingolimod suggest an ability to
improve neonatal disease in both lethal and sublethal models
(Skerry et al. unpublished work).

CONCLUSION/OUTLOOK

This minireview provides an overview of B. pertussis pathogen-
esis along with current and potential host-directed therapies.
Pertussis incidence in the USA is at a level not seen since the
1950s. Pediatric populations, too young to be protected by vac-
cination, experience much more severe disease than that ob-
served in adults. Current state of care represents limited ad-
vances over the use of antibiotics, an intervention that fails to
improve the course of disease in the absence of early detection.
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The re-emergence of pertussis as a public health concern, a gen-
eral increase in parents forgoing vaccination for their children
and the lack of effective therapeutics all highlight the urgent
need for novel approaches to treating this potentially deadly
childhood disease.

Several attempts at developing a novel pertussis treatment
are detailed in the literature (reviewed above). However, at this
time, no treatment has shown reproducible success in the clinic.
The most promising approaches, ECMO and leukodepletion,
have been reserved for intensive care situations. Recent reports
further highlight the potential of this combination approach in
treating severe pertussis, but mortality rates are still unaccept-
ably high (Assy et al. 2015). Earlier use of these interventionsmay
allow for improved success and savemany lives that would have
been lost with traditional therapeutics.

Few groups are currently investigating novel potential ther-
apeutics for pertussis. Our group is investigating the role of PT
in B. pertussis infection and pertussis disease pathogenesis, pri-
marily in animal models. Since PT catalyzes a long-lived modi-
fication of Gi proteins in target host cells (Carbonetti et al. 2007),
a potential therapy would be to reverse this modification, per-
haps by increasing G protein turnover in affected cells. Unfortu-
nately, no mechanisms to achieve this have been identified, and
a more realistic approach is to intervene at host targets down-
stream from PT effects. We are currently investigating two such
novel targets for host-directed pertussis treatment, S1P recep-
tor agonism and inhibition of pendrin activity. Both approaches
potentially take advantage of drugs that are currently FDA ap-
proved, reducing the cost and time required to introduce these
compounds to the clinic. Targeting ASL HCO3

− levels or pendrin
activity via inhaled ACTZ or anion channel activators/inhibitors
may reduce airway inflammatory cell influx, in addition to po-
tentially attenuating mucus production and cough. S1P receptor
agonism dramatically reduces pulmonary inflammation with-
out increasing bacterial burden in adult mice (Skerry et al. 2015).
However, as infants are themost seriously impacted population,
studies using neonatal mouse models are also justified. Unlike
adult mice, neonatal mice often succumb to pertussis infection,
an effect strongly linked to PT-mediated leukocytosis and pos-
sibly pulmonary hypertension (our unpublished work). These
results are consistent with the observed impact of combined
ECMOand leukodepletion in treatment of severe pertussis in hu-
man infants. If either of these novel approaches proves success-
ful at improving survival or reducing lymphocytosis in neonatal
mice, a next logical step would be to test their effectiveness in
the baboon model of pertussis disease. Positive results in this
model would indicate that these novel therapies represent the
most promising attempt at treating severe infant pertussis avail-
able to date.

Future studiesmight focus on the improvement of ECMO, ex-
change blood transfusion and leukodepletion to impact leuko-
cytosis and survival in the infant. In addition, our group aims
to continue efforts to identify and characterize novel targets for
host-directed therapeutics, with a deliberate focus on the repur-
posing of current FDA approved drugs in order to quicken time
to market.
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