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Recent pertussis resurgence represents a major public health
concern. Currently, there are no effective treatments for crit-
ical pertussis in infants. Recent data have demonstrated the
potential of sphingosine-1-phosphate receptor (S1PR) ago-
nism in the treatment of infectious diseases. We used the mu-
rine Bordetella pertussis model to test the hypothesis that
treatment with S1PR agonist AAL-R reduces pulmonary
inflammation during infection. AAL-R treatment resulted
in reduced expression of inflammatory cytokines and chemo-
kines and attenuated lung pathology in infected mice. These
results demonstrate a role for sphingosine-1-phosphate (S1P)
signaling in B. pertussis–mediated pathology and highlight
the possibility of host-targeted therapy for pertussis.
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Recent years have seen resurgence in pertussis (whooping
cough) incidence despite the successful implementation of
mass vaccination programs [1]. This represents a major public
health concern, as critical pertussis is a significant cause of ne-
onate hospitalization and mortality [2]. Currently, there are no
effective treatments for critical pertussis in infants or for pertus-
sis cough in any infected individuals. Bordetella pertussis, the
etiologic agent of pertussis, uses an array of virulence factors
to manipulate host immune responses [3]. One such factor, per-
tussis toxin (PT), is associated with exacerbated airway inflam-
mation during infection in mouse models, increasing the

duration and severity of lung pathology [4]. PTADP-ribosylates
the α subunit of heterotrimeric Gi proteins, resulting in ablated
G protein–coupled receptor (GPCR) signaling [5].

Sphingosine-1-phosphate (S1P) is a sphingolipid that regu-
lates many cellular processes important to health and disease
[6] and signals through 5 GPCRs that couple to PT-sensitive
Gi proteins [7]. S1P signaling enhances pulmonary vascular en-
dothelial barrier integrity [8], and protects against airway in-
flammation induced by lipopolysaccharide-mediated acute
lung injury [9] or by influenza virus–mediated cytokine storm
[10]. Therefore, B. pertussis infection, through the actions of PT,
may inhibit S1P signaling, reducing pulmonary vascular endo-
thelial barrier function and exacerbating lung inflammation. On
the other hand, stimulation of S1P receptor signaling may have
beneficial effects for the host during B. pertussis infection. In
this report, we tested the hypothesis that S1P receptor agonism
will reduce pathology in the lungs of B. pertussis–infected mice.

MATERIALS AND METHODS

Bacterial Strains
The B. pertussis strain used here, WT, is a streptomycin- and na-
lidixic acid-resistant derivative of Tohama I [11]. B. pertussis was
grown on Bordet-Gengou (BG) agar plates supplemented with
10% defibrinated sheep blood and 200 µg/mL streptomycin.

Mouse Infections
Six- to 8-week-old C57BL/6 mice (Charles River Laboratories or
in-house bred) were used in accordance with the University of
Maryland, Baltimore (UMB), Institutional Animal Care and
Use Committee. Bacterial inoculum was prepared in a phos-
phate-buffered saline (PBS) suspension following 48 hours growth
on BG agar. Mice were anesthetized with isoflurane, and the inoc-
ulum was administered intranasally in a final volume of 50 µL.
AAL-R [12] (kindly donated by Dr Hugh Rosen, The Scripps In-
stitute) was prepared in sterile water at a concentration of 0.5 mg/
mL and administered intranasally at a final concentration of 0.5
mg/kg. Sterile water was used as a volume-matched vehicle con-
trol. For organ harvest, animals were euthanized by carbon diox-
ide inhalation followed by thoracotomy. The lungs and trachea
were removed for bacterial counts, histology, and RNA purifica-
tion. For analysis of cytokine protein levels, bronchoalveolar la-
vage fluid (BAL) was isolated as described previously [11].

RNA Isolation and Processing
Lung tissue was snap-frozen upon harvest using a dry ice-
isopropanol bath. RNA was extracted using RNA Stat60
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(TelTest, Inc) as per manufacturer’s instructions. In brief, sam-
ples were homogenized in RNA Stat60 using an Omni TH
mixer (Omni, Inc), phase separated with the addition of chlo-
roform, and precipitated with isopropanol. RNAwas quantified,
and 1 µg was reverse transcribed using a reverse transcription
system (Promega). Quantitative real-time polymerase chain re-
action was performed with Maxima SYBR green/ROX quantita-
tive PCR (qPCR) master mix (Thermo Scientific) in an Applied
Biosystems 7500 Fast real-time PCR system. The hypoxanthine
phosphoribosyltransferase (HPRT) gene was used as an internal
housekeeping control gene, with all other genes normalized to
the HPRT gene and expression calculated as fold change com-
pared with PBS-inoculated control animal levels (calculated by
the 2(−ΔΔCT) method).

Pathology
When harvesting lung tissue for pathology, lungs were intracar-
dially perfused with PBS before removal into 10% (w/v) buff-
ered formalin (Sigma). Slide preparation and staining with
hematoxylin and eosin was performed by the Pathology, EM
and Histology Laboratory (UMB core facility). Histopathology
was scored on a scale of 0 to 3, with 3 being the most severe for
each of (1) the degree of inflammation at the site of the bron-
chovascular bundle (BVB), (2) the percentage of BVB involved,
and (3) the degree of pleuritis observed, with a total maximum
possible score of 9 [11].

Statistical Analysis
Graphs were plotted and data analyzed using GraphPad Prism
software. Fold changes, for real-time PCR, were calculated per
mouse compared to the average value obtained for the respec-
tive PBS/water-inoculated group. All plots represent the mean
value ± standard deviation. Significance was determined by Stu-
dent t test using the GraphPad Prism software.

RESULTS

S1P Receptor Agonism Reduces Inflammatory Cytokine
Expression/Production Following B. pertussis Infection
Treatment with AAL-R, an agonist for S1P receptors 1, 3, 4, and
5, dampened cytokine storm elicited by influenza virus infec-
tion and reduced mortality rates in mice [10]. Therefore, we hy-
pothesized that AAL-R treatment could abate inflammation in
the lungs of B. pertussis–infected animals. One potential risk of
immune modulation in the setting of bacterial infection is un-
controlled bacterial growth. To assess this risk, pulmonary bac-
terial burden was measured in mice at various time points
postinoculation with B. pertussis (Figure 1A). At day 4 postin-
oculation, no significant difference in bacterial loads was ob-
served between animals that received 1 dose of AAL-R (at 1
hour postinoculation) and those that received vehicle control.
Two (1 and 6 hours postinoculation) and 3 (1, 6, and 24

hours postinoculation) doses of AAL-R led to slight, statistically
significant decreases in colony-forming units (P = .04 and
P = .03, respectively) at day 4. No differences in bacterial burden
were noticed at day 7 or 21 postinoculation between groups of
mice receiving AAL-R and water.

Cytokine gene expression in these mice was monitored by
quantitative real-time PCR performed on samples derived from
lung homogenate at 4 days postinoculation. Treatment with a sin-
gle dose of AAL-R resulted in significant reduction in expression
of tumor necrosis factor (TNF)–α (Figure 1C; P = .01), interferon
(IFN)–γ (Figure 1E; P < 0.01), C-X-C motif chemokine 10
(CXCL10; P < 0.01), and chemokine (C-C motif ) ligand 5
(CCL5; P < .01) (chemokine data not shown). Following 2 doses
of AAL-R, IL-1β (Figure 1B; P < .01) and chemokine (C-X-C
motif ) ligand 2 (CXCL2, not shown; P = .04) gene expression
was also significantly reduced (P < .01). A third dose of AAL-R
led to interleukin (IL)–6 gene expression also being significantly
reduced (Figure 1D; P = .03). To determine if these transcriptional
differences resulted in lower protein production, IL-6 and IL-1β
levels were measured by enzyme-linked immunosorbent assay.
Both cytokines were reduced in the BAL fluid of animals receiving
AAL-R versus those receiving water (Figure 1F and 1G). However,
only the reduction in IL-6 was found to be statistically significant
(P = .04). Therefore, we conclude that AAL-R treatment signifi-
cantly reduces expression of the inflammatory cytokines (TNF-
α, IFN-γ, IL-1β, and IL-6) and chemokines (CCL5, CXCL2,
and CXCL10) during B. pertussis infection.

S1P Agonism Reduces Pulmonary Pathology During B. pertussis
Infection
The murine model of B. pertussis infection is characterized by
pulmonary inflammation, typified by dense peribronchiolar cuff-
ing and pleuritis. Previous work demonstrated the immunomod-
ulatory potential of S1P agonism in the context of pulmonary
infection [10]. Therefore, we hypothesized that S1P receptor
agonism, through administration of AAL-R, during B. pertussis
infection would reduce pulmonary inflammatory pathology. B.
pertussis–infected animals were treated with 1, 2, or 3 doses of
AAL-R, starting at 1 hour postinoculation, and pathology was
assessed after 7 days. A quantitative scoring system previously em-
ployed by our group [11]was used to assess lung pathology. A sig-
nificant reduction in pathology was noted following 1 (P < .01), 2
(P < .01), or 3 (P < .01) doses of AAL-R versus water controls (Fig-
ure 2). No significant differences were noted between animals re-
ceiving 1, 2, or 3 doses of AAL-R. Therefore, we concluded that S1P
receptor signaling may represent a host-targeted means of damp-
ening inflammatory pathology following B. pertussis infection.

DISCUSSION

In recent years, developed countries have reported a resurgence
in pertussis cases, despite widespread vaccine coverage [1, 2].
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This is thought to be due to waning of the immunity elicited by
acellular vaccination [13]. Multiple approaches exist for limiting
the spread of pertussis to infants, including maternal immuni-
zation and familial cocooning. However, preventative strategies
alone may not be sufficient. The resurgence in infection rates
and deaths highlights the need for effective treatments for severe
pertussis. Because antibiotic therapies alone are not sufficient in
treating critical pertussis, host-directed therapies that reduce
inflammation and limit disease are urgently required. Here,
we used the S1P analog AAL-R to study the potential of
host-directed therapy for reduction of pertussis-associated
pathology.

AAL-R treatment significantly reduced expression and pro-
duction of proinflammatory cytokines and chemokines in the
lungs of B. pertussis–infected mice. This was true even with a
single dose administered 1 hour postinoculation, although ad-
ditional doses had further reducing effects for some cytokines.
AAL-R treatment slightly reduced bacterial burden at some
time points. While this reduction was not sufficiently large to
explain the reduction in the inflammatory response, it may be
an added benefit of this treatment.

It is unclear if reducing inflammatory responses to infection
is beneficial or detrimental in the context of active infection.
Having determined that B. pertussis proliferation is not in-
creased upon immune modulation by AAL-R (Figure 1A), the
effect of treatment on lung pathology was assessed. Animals

receiving 1, 2, or 3 doses of AAL-R showed a significant and
dramatic reduction in pathology (Figure 2). Further to this,
no difference could be detected between animals based on num-
ber of doses received, suggesting it may be possible to improve
disease outcome with minimal treatment. Reducing pathology,
particularly in infants, during infection could lead to a reduc-
tion in the growing numbers of fatal pertussis infections. Little
is known about the pathology of pertussis in humans, but au-
topsy studies of fatal pertussis in infants have shown evidence
of dramatic inflammation and tissue damage in the lungs
[14]. Therefore, the inflammatory pathology in infected mice
may represent a model of the severe pulmonary events in hos-
pitalized infants with pertussis. In the absence of experimental
human studies and the prohibitive expense of primate studies,
the mouse model represents a useful starting point for discovery
and preclinical studies of potential therapeutics. The potential
of host-directed therapies has been studied with varying success
for multiple infectious diseases [10, 15]. Our results add to re-
cent data demonstrating that S1P receptor signaling can damp-
en influenza virus–mediated cytokine storm [10], reducing
morbidity and mortality.

Here, we not only demonstrate a potential use for host-
directed therapies in the treatment of pertussis, but also high-
light the potential role of inhibition of S1P signaling in pertussis
pathogenesis. Future studies will be aimed at further elucidating
the mechanisms of S1P signaling in pertussis, as well as the

Figure 1. Effect of sphingosine-1-phosphate (S1P) agonism on cytokine production. A, Bacterial burden in the lungs of B. pertussis–infected mice that
were either untreated (black bars) or treated with 1 (1 hour postinoculation) (dark gray), 2 (1 and 6 hours postinoculation) (white), or 3 (1, 6, and 24 hours
postinoculation) (light gray) doses of AAL-R was determined. B–E, Real-time PCR was used to determine the transcriptional IL-1β (B), TNF-α (C), IL-6 (D), and
IFN-γ (E ) responses from lung homogenates at day 4 postinoculation. Protein levels of IL-6 (F ) and IL-1β (G) in these lung homogenates were also assayed.
Results are presented as mean ± SD. *P≤ .05; **P≤ .01. Abbreviations: CFU, colony-forming units; IFN, interferon; IL, interleukin; PBS, phosphate-buffered
saline; PCR, polymerase chain reaction; TNF, tumor necrosis factor.
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potential of the bacterium to modulate this signaling. AAL-R
signals through 4 of the 5 S1P receptors, therefore the specific
receptor mediating this phenomenon could not be elucidated in
this study, but will be the focus of future studies. One potential
advantage of this approach is the current availability of a Food
and Drug Administration–approved S1P receptor agonist simi-
lar to AAL-R, the multiple sclerosis drug FTY-720 (fingolimod),
demonstrating the safety and translational potential of this
host-targeted approach. In addition to fingolimod, multiple
S1P receptor agonists are currently in clinical trials and may
represent safer, more suitable therapeutics for treatment of
pertussis.
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Figure 2. Effect of S1P agonism on pathology. A, Lung pathology was
assessed following hematoxylin and eosin (H&E) staining, by 2 indepen-
dent researchers based on the degree and breadth of bronchovascular bun-
dle (BVB) inflammation and pleuritis. Representative images shown from
animals receiving water control (B), or 1 dose (1 hour postinfection) (C),
2 doses (1 and 6 hours) (D), or 3 doses (1, 6, and 24 hours) of AAL-R (E )
and harvested 7 days postinoculation. Images are shown at 100× magnifi-
cation. Results are presented as mean ± SD. **P ≤ .01, ***P ≤ .001;
****P≤ .0001. Abbreviation: S1P, sphingosine-1-phosphate.
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