
A critical role for the TLR signaling adapter Mal
in alveolar macrophage-mediated protection
against Bordetella pertussis
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Bordetella pertussis causes whooping cough, an infectious disease of the respiratory tract that is re-emerging despite

high vaccine coverage. Here we examined the role of Toll-like receptor (TLR) adapter protein Mal in the control of

B. pertussis infection in the lungs. We found thatB. pertussis bacterial load in the lungs of Mal-defective (Mal� /� ) mice

exceeded that ofwild-type (WT)micebyup to100-fold andbacteriadisseminated to the liver inMal� /� miceand50%of

thesemice died from the infection.Macrophages fromMal� /� miceweredefective in an early burst of pro-inflammatory

cytokineproduction and in their ability to kill or constrain intracellular growthofB.pertussis. Importantly, theB.pertussis

bacterial load in the lungs inversely correlated with the number of alveolar macrophages. Despite the maintenance and

expansion of other cell populations, alveolarmacrophageswere completely depleted from the lungs of infectedMal� /�

mice, but not from infected WT mice. Our findings define for the first time a role for a microbial pattern-recognition

pathway in the survival of alveolar macrophages and uncover a mechanism of macrophage-mediated immunity to

B. pertussis in which Mal controls intracellular survival and dissemination of bacteria from the lungs.

INTRODUCTION

The incidence of pulmonary infection with Bordetella pertussis,
the causative agent of whooping cough (pertussis), is increasing
in many developed nations. Despite the introduction of whole-
cell and acellular pertussis vaccines, the WHO (World Health
Organization) estimated that in 2008 there were 16 million
cases of B. pertussis infection, causing nearly 200,000 infant
fatalities, mostly in developing countries.1 The recent resur-
gence of B. pertussis has been attributed to waning immunity or
a failure of current acellular pertussis vaccines, which are
composed of purified B. pertussis antigens absorbed to alum, to
induce appropriate immune responses required for optimal
immunity, in particular interferon-g (IFN-g)-secreting T
helper type 1 cells.2 Studies in baboons and mice have sug-
gested that these vaccines are not capable of inducing sterilizing
immunity and consequently fail to prevent transmission from
infected immunized to nonimmunized individuals.3,4 There-
fore, further investigation of the pathogenesis of B. pertussis

infection is required to enable the rational design of vaccines
that confer long-term sterilizing immunity.

B. pertussis expresses a number of virulence factors, some of
which function as pathogen-associated molecular patterns and
others that are putative protective antigens and components of
acellular pertussis vaccines. B. pertussis lipooligosaccharide is a
variant of the Toll-like receptor 4 (TLR4) agonist, lipopoly-
saccharide,5 and plays a crucial role in innate and adaptive
immunity to B. pertussis.6–8 MyD88 adaptor-like protein (Mal;
also known as TIRAP) is an important TIR domain-containing
TLR adaptor that bridges TLR4 (and TLR2) with the central
signaling adaptor MyD88 to mediate transcriptional activation
of antibacterial and immunomodulatory genes, including those
encoding pro-inflammatory cytokines and others involved in
macrophage activation.9–11

A single-nucleotide polymorphism in the genes encoding
MAL/TIRAP (TIRAP S180L) is associated with susceptibility
to a number of pathogens, including Mycobacterium
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tuberculosis,12,13 Streptococcus pneumoniae,12 Trypanasoma
cruzi,14 Plasmodium falciparum,12 and HIV.15 Furthermore,
studies in mice have indicated that Mal is more complicated
than a simple MyD88-bridging adaptor.16 Apart from the core
functional binding sites for MyD88,17 TLR4,17 TRAF6,18

PIP2,19 and IRAKs,20 Mal has binding sites for SOCS-1,21

Btk,22 and caspase-1.23 Mal is thought to be able to signal
independently of MyD88, and has been reported to localize to
both the plasma and endosomal membranes and thereby
function as a ‘‘promiscuous’’ sorting adaptor that can be
involved in sensing of viral nucleic acids.24

C3H/HeJ mice, which have defective TLR4, are more
susceptible to B. pertussis infection of the lungs than TLR4-
sufficient C3H/HeN mice,6–8 suggesting that innate immune
cells, including macrophages and dendritic cells (DCs), that
express TLR4 and Mal might play a central role in protective
immunity to B. pertussis. Indeed, we have shown that local
CD11cþCD8aþCD103þ DCs protect against B. pertussis
infection of the lungs by promoting the induction of T helper
type 1 cells after migration to the draining lymph nodes.25

However, the protective function of alveolarmacrophages is still
unclear and the role of TLR adaptors inB. pertussis infection has

not been studied.Mal has been shown toplay a role in protection
of mice against severe disease after infection of the lungs with
Escherichia coli26 or Klebsiella pneumoniae;27 however, the
cellular responses involved in this protection were not well
characterized. Mal is also involved in intestinal epithelial barrier
maintenance and immunity to Salmonella typhimurium.28

Alveolar macrophages that express TLRs, including TLR2
and TLR4, are thought to be involved in the initial response to
bacterial infection of the lungs by activating innate antibacterial
and subsequent adaptive immune responses.29 Furthermore,
B. pertussis has been detected inside human andmouse alveolar
macrophages,30,31 indicating that either phagocytosis by these
cells is instrumental in the host immune response or alveolar
macrophages can be hijacked by B. pertussis as a microbial
mechanism of immuno-avoidance.

In this study, we have examined the role of Mal in the innate
and adaptive immune responses and in the susceptibility of
mice to B. pertussis infection. We demonstrated exacerbated,
disseminating infection, often with a lethal outcome, in Mal-
defective (Mal� /� ) mice that was associated with defects in
early inflammatory responses, increased numbers of intracel-
lular B. pertussis, and increased cell death in alveolar
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Figure 1 Enhanced bactrial load and lethality in Bordetella pertussis-infected MyD88 adaptor-like (Mal)-defective (Mal� /� ) mice. Wild-type (WT) and
Mal� /� micewereexposed toanaerosol of liveB. pertussis (1�109perml). (a)B.pertussis colony-formingunits (CFUs) in the lungswereenumeratedat
various times after challenge. Data are the mean±s.e.m. for four mice per group at each time point and are representative of three independent
experiments. **Po0.01 and ***Po0.001 by two-way analysis of variance (ANOVA)with Bonferroni test. (b)Micewere checked daily for severemorbidity
or mortality and survival percentage was plotted over the course of 6 weeks. Data are pooled from three independant experiments. Log-rank test
confirmed that survival curves for WT and Mal� /� mice were significantly different. (c) Photomicrographs illustrating the earlier development and more
severe nature of pulmonary inflammation in Mal� /� relative to WT mice. Note inflammatory infiltration of admixed neutrophils and macrophages at
bronchoalveolar junction with attendant focal breakdown of lung parenchyma at day 4 (d4) after infection in Mal� /� mice. Whereas inflammation is
lymphoplasmacytic and largely confined to perivascular/periairway locations in WT mice by day 14 (d14) after infection, in Mal� /� mice there is
extensive, severe flooding of contiguous alveoli by cellular (neutrophils and macrophages) and proteinaceous exudate. Hematoxylin and eosin stain.
Scale bar¼ 50mm.
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macrophages. Our findings identify an important role for
macrophages in controlling infection and demonstrate a critical
role for Mal in their homeostasis and activation to kill
intracellular bacteria, and thereby identify Mal as a major
mediator of innate immune protection against B. pertussis.

RESULTS

A key role for Mal in controlling B. pertussis infection and
preventing lethality

To assess the role of Mal in colonization of the lungs with
B. pertussis, the kinetics of bacterial growth in wild-type (WT)
and Mal� /� mice was examined by quantifying viable
B. pertussis colony-forming units (CFUs) at various times
after aerosol challenge with live B. pertussis. More than 104

CFUs were detected in the lungs of WT and Mal� /� mice 2 h
after B. pertussis challenge and this had increased after 24 h in
both genotypes (Figure 1a). However, on day 4 of infection, the
bacterial load in theMal� /� mice was410-fold higher than in
WT mice (Po0.01). The peak of lung bacterial load in both
genotypes was evident at 7 days after challenge, but there were
almost 40-fold more bacteria in the lungs of Mal� /� mice
compared with WT mice (Po0.01). At 14 days after infection,
the bacterial load in the lungs ofWTmice had started to decline,
suggesting that WT host immune responses were active in
clearing bacteria. In contrast, the bacterial load persisted at a
high level (B107 CFUs) in the lungs of Mal� /� mice and was
B100-fold higher than in WT mice (Po0.001), indicative of a
failure of Mal� /� mice to control the infection. Consistent
with this observation, 45% of Mal� /� mice died between days
14 and 21, whereas 100% of WT mice survived the infection
(Figure 1b).

The exacerbated course of infection and fatalities in
B. pertussis-infected Mal� /� mice suggest that Mal is critical
for the innate immune response to B. pertussis, perhaps by
controlling inflammation. Therefore, we carried out histolo-
gical examination of the lungs from infected mice. Pulmonary
histology of uninfected WT and Mal� /� mice indicated no
morphological abnormalities (data not shown). Alveolar wall
thickening was evident 24 h after B. pertussis infection, but
limited inflammation was observed in Mal� /� or WT mice
(data not shown). However, 4 days after B. pertussis infection,
substantial foci of inflammation were noted at the bronch-
oalveolar junctions of Mal� /� mice, but little equivalent
inflammation in the lungs ofWTmice (Figure 1c). Perivascular
cuffing and infiltration of alveoli with neutrophils and
macrophages was evident in the lungs of Mal� /� mice.
Inflammation was also observed in the lungs of B. pertussis-
infected WT mice 7 days after challenge, but this was resolving
by day 14 (Figure 1c). In contrast, pulmonary inflammation
did not resolve in Mal� /� mice, with persistence of extensive
cellular and proteinaceous exudate indicating alveolar wall
injury, along with pleurisy (Figure 1c), all predictive of poor
clinical outcome. Our findings demonstrate that Mal is critical
for controlling a primary infection with B. pertussis and the
associated pulmonary inflammation.

Disseminating infection and inflammation in B. pertussis-
infected Mal� /� mice

We had previously observed that deaths from B. pertussis in
immunocompromised mice were associated with organ failure
because of bacterial dissemination from the lungs to other
organs, especially the liver.32,33 Therefore, we quantified CFUs
from the livers of B. pertussis-infected Mal� /� and WT mice.
B. pertussis CFUs were not detected in the livers of infected
WT mice, but 7 and 14 days after infection 4,000–5,000 CFUs
were detected per liver lobe inMal� /� mice (Figure 2a). These
findings indicate that Mal-dependent host immune responses
control bacterial growth in the lungs and prevent dissemination
and lethal infection with B. pertussis.

Histopathology showed inflammatory foci in the livers of
Mal� /� mice 7 days afterB. pertussis infection and the number
of these foci had increased 14 days after infection (Figure 2b).
These foci consisted of dense aggregates of neutrophils and
macrophages, and were not detected in livers from uninfected
mice or from B. pertussis-infectedWTmice. These data are con-
sistent with the dissemination of B. pertussis from the primary
site of infection in the lungs of Mal� /� mice to the liver, where
they cause substantial, and potentially lethal, pathology.

Mal is required for a burst of early innate pro-inflammatory
cytokines in response to B. pertussis infection

Having demonstrated enhanced inflammatory pathology in the
lungs of B. pertussis-infected Mal� /� mice, we examined local

5,000

6,000 ***

***

Mal–/–
WT

1,000

2,000

3,000

4,000

C
F

U
 / 

liv
er

 lo
be

0 7 14 21
0

Days after challenge

WT Mal–/–

Figure 2 Dissemination of Bordetella pertussis and inflammatory
pathology in the liver of MyD88 adaptor-like (Mal)-defective (Mal� /� )
mice. Wild-type (WT) and Mal� /� mice were infected with B. pertussis as
described in Figure 1. (a) At various times after infection, colony-forming
units (CFUs)wereenumerated in homogenized liver.Data aremean±s.d.
(n Z3 mice) from one experiment that is representative from three
independant experiments. ***Po0.001 by two-way analysis of variance
(ANOVA) with Bonferroni test. (b) High-magnification photomicrographs
illustrating one of themultifocal inflammatory infiltrates (subtle aggregates
of admixed neutrophils andmacrophages) in the liver ofMal� /� mice, and
the absence of such inflammation in WT mice, by day 14 after infection.
Hematoxylin and eosin stain. Scale bar¼ 25mm.
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inflammatory cytokine production in the lungs. A transient
peak of the inflammatory cytokines and chemokines inter-
leukin (IL)-1b, tumor necrosis factor (TNF), macrophage
inflammatory protein (MIP)-1a, and MIP-2a, typically pro-
duced by innate immune cells includingmacrophages andDCs,
was detected in the lungs of WT mice 2 h after challenge with
B. pertussis (Figure 3). Importantly, and despite equivalent
bacterial numbers in the lungs at this time, the early burst of
IL-1b, TNF, MIP-1a, and MIP-2a production was either
substantially muted or was entirely defective in the lungs of
Mal� /� mice (Figure 3). More than sixfold more IL-1b
(Po0.001), twofold more TNF (Po0.05), 2.5-fold more MIP-
1a (Po0.001), and 10-fold more MIP-2a (Po0.001) were
detected in the lungs of WT mice than in the lungs of Mal� /�

mice at 2 h after challenge. These cytokines had returned
to baseline 24 h after infection. However, at later stages of

infection (Z4 days), the concentration of these pro-inflam-
matory cytokines was much higher in the lungs of Mal� /�

mice when compared with WT mice (Po0.001). Typical
T cell-associated cytokines, IL-17A, IL-17F, and IFN-g, were
barely detected at early stages of infection, but were increased in
the lungs 7–14 days after B. pertussis infection, with much
higher concentrations inMal� /� than inWTmice (Figure 3).
Interestingly, IL-10 concentrations were not significantly
different in WT and Mal� /� mice. These findings indicate
that Mal is required for optimal pro-inflammatory cytokine
production by lung-resident cells in immediate response to
B. pertussis infection. In contrast, higher local inflammatory
responses detected in Mal� /� mice later in infection might
reflect the higher bacterial load in the lungs of these mice.
However, when WT and Mal� /� mice had a lower initial
B. pertussis burden in the lungs, we detected the same
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Figure 3 MyD88 adaptor-like (Mal) is required for early innate cytokine responses to Bordetella pertussis infection. Wild-type (WT) and Mal-defective
(Mal� /� ) mice were aerosol infected with B. pertussis. At various times after infection, lung lobes were homogenized and cytokine concentrations were
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differences in inflammatory responses as that seen inmice with
higher bacterial loads (data not shown).

Enhanced infiltration of IL-17- and IFN-c-producing T cells
in the lungs of Mal� /� mice

In order to examine the possible role of T cells and the influence
of Mal-driven innate immune responses on adaptive immunity
to B. pertussis, we examined T-cell infiltration and cytokine
production in the lungs of infected mice by intracellular
staining and flow cytometry analysis. Lung-infiltrating leuko-
cytes, including CD4þ T cells and gd T cells, were evident in
WT mice on days 14–21 of infection and this number was
significantly greater inMal� /� mice (Figure 4). There were up
to 10-fold more leukocytes, CD4þ T cells, and gd T cells in
Mal� /� compared with WT mice at the peak of cellular
infiltration on day 14 (Po0.001). Intracellular cytokine
staining and fluorescence-activated cell sorting (FACS)
analysis showed that there were significantly more IFN-g-
producing CD4þ T cells and gd T cells in the lungs of Mal� /�

mice than in WT mice 14 days after infection (Po0.001;
Figure 4). The number of IL-17A-producing CD4þ T cells and
gd T cells was also higher, although not significantly, in the
lungs of Mal� /� mice than in the WT mice (Figure 4). These

finding are consistent with those in Figure 3, demonstrating
enhanced inflammatory responses in the lungs of Mal� /�

mice at the peak of infection.

Alveolar macrophages are depleted in the lungs of Mal� /�

mice after infection with B. pertussis

Our results so far have indicated that Mal regulates inflam-
matory responses at the peak of infection, possibly indirectly by
modulating the early innate immune responses that control the
growth of B. pertussis in the lungs. However, we also found that
Mal is required for an early burst of the pro-inflammatory
cytokines IL-1b, TNF, MIP-1a, and MIP-2a. Therefore, we
examined the possible role of lung-resident innate immune
cells in controlling the early infection with B. pertussis. Alveolar
macrophages, which are known to produce IL-1b and TNF, are
present principally in the alveolar spaces and are the main
resident cell type in the uninfected lung. Alveolar macrophages
were the dominant cell type in bronchoalveolar lavage fluid
(BAL-F) from uninfected mice, with a smaller number of
neutrophils, monocytes, and DCs (data not shown). After
aerosol challenge with B. pertussis, Ly6GþLy6Cþ neutrophils
were detected in the lungs ofWTmice by day 7 and this peaked
at day 14 (Figure 5a). However, inMal� /� mice, infiltration of
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these cells was detected after 24 h and was more pronounced.
Similarly, the numbers of inflammatory monocytes and infil-
trating macrophages were significantly greater in Mal� /�

compared with WT mice (Figure 5a). In contrast, there was a
striking reduction in the percentage and absolute numbers of
resident alveolar macrophages in Mal� /� mice within 4 days
of B. pertussis challenge, and these cells were completely
depleted by day 14, whereas the number of alveolar macro-
phages increased during the course of B. pertussis infection of
WT mice (Figure 5a,b).

Apoptosis-induced cell death of alveolar macrophages in
B. pertussis-infected Mal� /� mice

Wehave shown thatB. pertussis can disseminate from the lungs
and infect the livers of Mal� /� mice. Furthermore, the
disappearance of alveolar macrophages from the lungs of
B. pertussis-infected Mal� /� mice might result from

emigration of these cells from the lungs or local killing of
alveolar macrophages after severe infection with B. pertussis.
We first analyzed lung-draining mediastinal lymph nodes and
blood for disseminating alveolar macrophages by FACS.
A small population of autofluorescent MHC IIintCD11bþ

F4/80þCD11c�Ly6G�Siglec-FþB220�CD3� cells, charac-
teristic of alveolar macrophages, was detected in the lymph
nodes of uninfectedWT andMal� /� mice (Figure 6a,b). This
number increased significantly 3 and 7 days after B. pertussis
infection in both genotypes, but the increase was significantly
greater (Po0.01) in WT (B3% at day 3 and B5% at day 7)
than in Mal� /� mice (B0.4% at day 3 and B0.8% at day 7).
Consistent with this result, cells with an alveolar macrophage
phenotype were also detected in the blood 7 days after B.
pertussis infection (data not shown). These data indicate that
alveolar macrophages emigrate from the lungs during
B. pertussis infection, but this is less pronounced in Mal� /�
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mice, suggesting that other mechanisms might account for the
total disappearance of alveolar macrophages from the lungs of
infected Mal� /� mice.

We next examined the possibility that cell death accounts for
the disappearance of alveolar macrophages in the lungs of
Mal� /� during B. pertussis infection. We performed flow
cytometry analysis using LIVE/DEADAqua as ameasure of cell
death andAnnexinVas ameasure of apoptosis. Over the course
of B. pertussis infection, the percentage of apoptotic alveolar
macrophages increased in WT and Mal� /� mice (Figure 6c).
However, the percentage increase was greater in the Mal� /�

mice than the WT mice. This difference was evident
throughout the course of the infection, as early as 24 h
(Mal� /� B20%; WT B6%), but was most substantial 7 days
after infection (Mal� /� B38%; WT B13%). Most apoptotic
cells were identified as ‘‘early apoptotic’’ (LIVE/DEAD nega-
tive, Annexin V positive). These data suggest that cell death
might account for depletion of alveolar macrophages from the
lungs of B. pertussis-infected Mal� /� mice, but do not exclude
other mechanisms.

Pro-inflammatory cytokine production and a reduction in
numbers of intracellular B. pertussis in macrophages is
dependent on Mal

Our findings suggest that Mal might mediate an early innate
inflammatory response toB. pertussis infection in the lungs, but
surprisingly might also be involved in survival or sequestration
of alveolar macrophages in the lungs. To better understand the
function of Mal-dependent responses in macrophages, we
examined its role in inflammatory cytokine production and
bacterial killing after in vitro infection of macrophages with B.
pertussis. We first used bone marrow-derived macrophages
(BMDMs) to optimize the assays, before moving on to ex vivo
alveolar macrophages, where cell numbers are a limitation to
extensive experiments. We found that B. pertussis infection of
BMDMs from WT mice induced production of significantly
higher concentrations of MIP-2a and TNF at 2 h after infec-
tion and significantly greater IL-1b at 24 h after infection
(Figure 7a). These experiments were repeated over a narrower
multiplicity of infection range using alveolar macrophages
purified from BAL-F. These cells were large, autofluorescent
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variance (ANOVA) with Bonferroni test. (c) At various times after infection, bronchoalveolar lavage fluid (BAL-F) was analyzed by FACS for LIVE/DEAD
Aqua-positive and Annexin V-positive alveolar macrophages. Data aremean (n¼3mice) from one experiment that is representative of two independent
experiments.
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CD11b�CD11cþLy6G�F4/80þMHC-IIintSiglec-Fþ cells
with 95% purity by FACS analysis. B. pertussis infection of
alveolar macrophages from WT mice resulted in a rapid
production of pro-inflammatory cytokines and chemokines
(MIP-2a, TNF, and IL-1b), similar to that seen with BMDMs.
These responses were almost completely abrogated in
B. pertussis-infected alveolar macrophages from Mal� /�

mice (Figure 7b).

We next examined the role ofMal in survival ofB. pertussis in
macrophages. BMDMswere infectedwithB. pertussis, and after
2 h were washed to remove extracellular bacteria, and were
cultured for a further 2 or 24 h, then lysed to estimate
intracellular bacterial load by quantifyingCFUs. The number of
CFUswas dependent on themultiplicity of infection, indicating
that B. pertussis had invaded the macrophages from WT and
Mal� /� mice and there was no significant difference in the
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Figure 7 MyD88 adaptor-like (Mal) is required for early cytokine production and a reduction in Bordetella pertussis numbers in macrophages. (a) Bone
marrow-derived macrophages (BMDMs) from wild-type (WT) and Mal-defective (Mal� /� ) mice were co-cultured with live B. pertussis over a range of
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number of CFUs between the genotypes 2 h after infection
(Figure 7c). However, 24 h after B. pertussis infection, there
were approximately fourfold more intracellular bacteria
in macrophages from Mal� /� compared with WT mice
(Po0.001). Over the course of the 24 h assay, B. pertussis
proliferated fourfold inside WT macrophages and 10-fold
inside macrophages from Mal� /� mice. These data suggest
that Mal plays a significant role in inflammatory cytokine pro-
duction by B. pertussis-infected macrophages and in limiting
the growth of intracellular B. pertussis in macrophages.

DISCUSSION

This study describes for the first time a critical role for the
TLR2/4 adapter protein Mal in the pathogenesis of B. pertussis
infection inmice. Our findings demonstrate that mice defective
in this innate signaling molecule are unable to control the
infection; the bacteria multiply more rapidly in macrophages
and disseminate out of the lungs to the liver, resulting in
lethality in nearly 50% ofmice.We have shown thatMal plays a
role in the early local innate burst of pro-inflammatory
cytokines by alveolar macrophages in the lungs and impor-
tantly in preventing apoptosis-induced cell death and depletion
of alveolar macrophages from the lungs of B. pertussis-infected
mice.

B. pertussis infection of immunocompetent mice and
humans is normally confined to the lungs and upper respiratory
tract. However, viable B. pertussis has been cultured from the
livers and blood of airway-infected IFN-g receptor-defective
mice32 and in mice depleted of natural killer cells.33 As natural
killer cells produce IFN-g, these studies suggested that early
IFN-g might be required to activate intracellular killing of
B. pertussis bymacrophages.34 IFN-g is known to activate nitric
oxide that is involved in killing intracellular bacteria, including
B. pertussis.35 The findings of the current study, showing
intracellular survival of B. pertussis in macrophages and
dissemination of bacteria from the lungs, is consistent with
these reports. However, our current study suggests that
activation of TLR pathways that utilize the Mal adapter
moleculemight also play a critical role in activating intracellular
killing or preventing survival of B. pertussis in macrophages.

We found that an early burst of pro-inflammatory cytokines
and chemokines, including TNF, IL-1b, andMIP-2a, produced
byB. pertussis-infectedmacrophages in vitro and in the lungs of
B. pertussis-infected mice was significantly reduced or abro-
gated in the absence of Mal. Furthermore, apoptosis-induced
cell death in alveolar macrophages, which might be linked
to a greater intracellular bacterial load, was exacerbated in
B. pertussis-infected Mal� /� mice. It has previously been
reported that B. pertussis induces apoptosis of macrophages
in vitro and of alveolar macrophages in the lungs of B. pertussis-
infected mice through the activity of adenylate cyclase/
hemolysin.36,37 Consistent with these findings, we found
evidence of alveolar macrophage apoptosis in WT mice
infected with B. pertussis, but the alveolar macrophage
apoptosis was significantly greater inMal� /� mice, suggesting
that although adenylate cyclase/hemolysin might induce

apoptosis, this may be partly restrained by Mal-mediated
signals from TLR2 or TLR4 ligands produced by B. pertussis.
Interestingly, TLR4 signaling throughMal has been reported to
have an important role in protection against alveolar cell
apoptosis.38

Our findings indicate that an optimal alveolar macrophage
effector function is vital for prevention of disseminating
infection and lethality from B. pertussis. Dissemination of
live bacteria inside macrophages, a type of ‘‘Trojan horse’’
phenomenon, has been documented for Bacillus anthracis.39

Bacterial dissemination, inside mouse DCs, has also been
observed with S. pneumoniae,40 a bacterial species for which
susceptibility is associated with the TIRAP S180L single-
nucleotide polymorphism.12 Althoughwe found live bacteria in
the liver of Mal� /� mice and enhanced B. pertussis survival in
macrophages, the migration of alveolar macrophages to the
blood and lymph node was less pronounced in Mal� /� mice
compared with WT mice. In contrast, we did find evidence of
enhanced programmed cell death of alveolar macrophages in
the infected lungs of Mal� /� mice. Together, these data
suggest that Mal signaling compromises bacterial growth or
enables optimal intracellular killing of B. pertussis by alveolar
macrophages, minimizing the survival of bacteria in the lungs
and thereby preventing both alveolar macrophage apoptosis
and live B. pertussis from disseminating from the lungs inside
emigrant cells. Previous studies have identified a critical role for
alveolarmacrophages in limiting susceptibility to lung bacterial
infection; the risk of secondary bacterial pneumonia after
influenza infection has been attributed to virus-induced
depletion of alveolar macrophages.41 However, a possible
alternative explanation for the dissemination of B. pertussis out
of the lungs ofMal� /� mice is that the lung epithelial barrier in
these mice might have been compromised. Mal has been
implicated in the maintenance of the intestinal barrier and in
resistance to S. enterica serovar Typhimurium.28 Our histology
analysis showed substantial pleurisy and cellular and protei-
naceous exudate in the lungs of infected Mal� /� mice but not
in infected WT mice.

Polymorphism analyses in humans have demonstrated that
TIRAP S180L mutation is associated with increased suscept-
ibility to infection withM. tuberculosis and S. pneumoniae.12,13

However, it has also been reported that the TIRAP C539T
polymorphism significantly correlatedwith a reduced risk ofM.
tuberculosis infection.42 We have previously demonstrated an
exacerbated lung bacterial load in B. pertussis-infected and
TLR4-defective C3H/HeJ mice.7 Although these mice had
exacerbated pulmonary inflammation, we did not observe
bacterial dissemination or deaths from the infection, suggesting
that Mal might mediate some of its effects in our infection
model independently of TLR4. Interesting, we have recently
identified a number of novel TLR2 lipoprotein agonists
produced by B. pertussis.43 Therefore, TLR2 might also have
a critical role in macrophage activation and protective
immunity to B. pertussis.

We have shown that Mal is essential for anti-B. pertussis
macrophage effector functions that prevent fatality. Optimal
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pro-inflammatory cytokine production and a reduction in
bacterial numbers in macrophages, as well as the maintenance
of the resident alveolar macrophage population, were depen-
dent on Mal. We believe that this Mal-dependent homeostasis
requires intracellular killing of B. pertussis that prevents the
death or apoptosis of alveolar macrophages. Our data also
suggest that Mal might be vital in the prevention of emigrant
alveolar macrophages carrying live B. pertussis out of the lungs
and disseminating the infection. Therefore, Mal appears to be a
critical regulator of alveolar macrophage-mediated protection
against B. pertussis infection.

METHODS

Mice. Female specific pathogen-free C57BL/6 and Mal� /� mice on a
C57BL/6 background11 were bred in-house. Mice were 7–12 weeks old
and age matched at the beginning of experiments. Mice were killed by
cervical dislocation or asphyxiation with CO2. All animal experiments
were conducted in accordance with the recommendations and
guidelines of the HPRA (Health Products Regulatory Authority), the
competent authority in Ireland responsible for the implementation of
Directive 2010/63/EU on the protection of animals used for scientific
purposes in accordance with the requirements of the S.I No 543 of
2012. Trinity College Dublin is an authorized breeder, user, and
supplier of laboratory animals (HPRA Establishment Authorization
Number: AE19136). Animal experiments were carried out under
license (B100/2412) approved by the HPRA and in accordance with
protocols approved by Trinity College Dublin Animal Research Ethics
Committee.

B. pertussis infection. Respiratory infection of mice was performed
by exposure to an aerosol of B. pertussis (strain Tohama 1; 1� 109/ml)
for 15min as previously described.44 The course of B. pertussis
infection was followed by counting CFUs from lungs and livers from
groups of 4–5 mice at intervals after challenge. The lungs and livers
were aseptically removed and homogenized in 1ml of sterile
physiological saline with 1% casein on ice. Undiluted and serially
diluted homogenate (100 ml) from individual lungs or individual
liver lobes was spotted in triplicate onto Bordet–Gengou agar plates,
and the number of CFUs was calculated after 5 days of incubation at
37 1C.

Enzyme-linked immunosorbent assay. Lung homogenates were
diluted and used for detection of cytokines and chemokines by
enzyme-linked immunosorbent assay (ELISA) duosets (R&D Systems,
Minneapolis,MN). Phosphate-buffered saline (PBS) plus 0.1%Tween-
20 was used as a wash buffer. H2SO4 at 0.16 M was used as a stop
solution. Concentration was calculated by colorimetric change with
horseradish peroxidase and TMB, relative to 1:10 dilution standards of
purified cytokine according to the manufacturer’s instructions on a
Versamax spectrophotometer (Molecular Devices, Sunnyvale, CA).

Lungcell isolation. BAL-F was isolated by inserting a cannula into the
trachea of killed mice and injecting three 1ml volumes of ice-cold PBS
without rupturing the lungs. BAL-F was then centrifuged at 300� g for
5min. Cells were then resuspended in ice-cold PBS. Alternatively,
disrupted lungs were cut into small pieces and then rotated for 30min
at 37 1C in RPMI containing Collagenase IV (Life Technologies,
Carlsbad, CA), DNase I (Sigma-Aldrich, St Louis, MO), and Brefeldin
A (BioLegend, San Diego, CA). Digested lung material was then
passed through a 100mm filter. Red blood cells were lysed and leu-
kocytes were collected for analysis. BAL-F was incubated on plastic for
2 h to allow alveolar macrophages to adhere. Nonadherent cells were
washed away and Flow cytometry analysis performed on scraped cells
that were typically 495% pure, viable, large, autofluorescent
CD11b�CD11cþLy6G�F4/80þMHC-IIintSiglec-Fþ cells.

Flow cytometry analysis. Cells (1� 106 cells in 50 ml PBS) were
stained with 0.5 ml Fc Block (anti-CD16, anti-CD32) and then surface
stained with fluorescent-conjugated anti-mouse antibodies for various
markers (CD49b, NK1.1, gd-TCR, CD3, CD4, CD8, CD11b, F4/80,
Ly6C, Ly6G, MHC II, Siglec-F, and CD11c; eBioscience, San Diego,
CA) for 20min on ice. Cells were incubated with 0.5 ml LIVE/DEAD
Aqua (Invitrogen, Life Technologies) as per the manufacturer’s
instructions and then centrifuged at 300� g for 3min in FACS tubes.
For intracellular FACS analysis, cells were resuspended in Fix/Perm
(eBioscience) for 20min as per the manufacturer’s instructions.
Antibodies for intracellular cytokines were added in permeabilization
buffer (IFN-g, IL-17A, IL-17F, IL-4, and IL-10). FMO (fluorescence
minus one) and nonspecific isotype antibodies were used as controls.
FACS samples were analyzed in 100ml of FACS buffer or permea-
bilization buffer (eBioscience). Samples were calibrated with antibody-
labeled single-stained microbeads and run on a FACSCalibur or
FACSCanto 2 (BD, Franklin Lakes, NJ). Data were analyzed using
FlowJo software (Ashland, OR), and plotted with GraphPad Prism
(GraphPad Software Inc., La Jolla, CA).

In vitro infection of macrophages with B. pertussis. BMDMs were
prepared from tibias and femurs of both back legs of mice. Bone
marrow was flushed with a 3ml syringe and 21-gauge needle into
Dulbecco’smodified (Sigma-Aldrich) supplementedwith 10% fetal calf
serum. Red blood cells were lysedwith RBC lysis buffer (0.829 gNH4Cl,
0.109 gKHCO3, 0.037 g disodiumEDTA(Sigma-Aldrich), 100mlH2O,
pH 7.3–7.4) and remaining cells were washed and resuspended at a
concentration of 1� 106/ml in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and 20%macrophage colony-
stimulating factor-containing L929 supernatant (L929, fibrosarcoma
cell linewas cultured at a density of 0.5� 106/ml inDulbecco’smodified
Eagle’s medium for 7 days. The supernatant was harvested and filter
sterilized. Then, 10ml of cells were incubated in 10 cm non-tissue
culture-treated dishes for 6 days. On day 6, supernatant was removed
and 5ml of ice-cold PBS was added to each dish. BMDMs were gently
dislodged from the dish by scraping. Cells were counted and reseeded at
a density of 0.5� 106/ml and 2ml per well on a 6-well dish and
incubated overnight in Dulbecco’s modified Eagle’s medium and 10%
fetal calf serum with L929. After 24 h, heat-killed B. pertussis or live B.
pertussis was added and cultures were incubated for 2 or 24 h at 37 1C
with 5% CO2. Cell culture supernatants were removed for cytokine
enzyme-linked immunosorbent assay. BMDMs were then washed four
times and then lysed in double-distilledH2O, and lysatewas plated onto
horse blood agar plates for 4 days to enumerate intracellular bacteria.

Histology. At least three lungs and livers were removed at various times
after aerosol infection with B. pertussis and placed into 10% neutral-
buffered formalin for tissue sectioning andhemotoxylinandeosin staining.

Statistical analysis. GraphPad Prism software was used for
comparison ofWT andMal� /� mice by two-way analysis of variance
with Bonferroni post-tests, or log-rank tests for statistical significance
(as marked in figure legends).
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