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Abstract

Bordetella parapertussis causes the prolonged coughing illness known as pertussis or whooping 

cough, persisting for weeks within the respiratory tracts of infected hosts but inducing a very poor 

T cell response relative to that induced by Bordetella pertussis, the more common cause of 

pertussis. In this study, we examine the contributions of cytokines involved in the clearance of B. 

parapertussis and immunomodulation that delays effective clearance. The slow elimination of this 

pathogen from the respiratory tracts of mice coincides with the gradual accumulation of CD4+ T 

cells in the lungs and B. parapertussis-responsive IFN-γ–producing cells in the spleen. IFN-γ–

deficient mice were defective in the accumulation of leukocytes in lungs and in clearance of B. 
parapertussis from the lungs. In vitro B. parapertussis-stimulated macrophages produced IL-10, 

which inhibited the generation of the IFN-γ response that is required for protection in vivo. As 

compared with wild-type mice, IL-10–deficient mice produced significantly higher levels of IFN-

γ, had higher numbers of leukocytes accumulated in the lungs, and cleared B. parapertussis more 

rapidly. Together, these data indicate that B. parapertussis induces the production of IL-10, which 

facilitates its persistence within infected hosts by limiting a protective IFN-γ response.

Despite the intricate defense mechanisms used by the mammalian immune system, the threat 

of disease is ongoing and acts as a stark reminder of the fact that successful microbial 

pathogens appear to have developed ways of manipulating and evading them. For example, 

several pathogens are known to promote the production of factors such as IL-10, an anti-

inflammatory cytokine and an important regulator of the host immune response, to avoid 

induction of the host inflammatory response (reviewed in (1, 2)). This cytokine is produced 
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by APCs, such as macrophages and dendritic cells, and results in a T cell response skewed 

toward a Th2 or Treg phenotype (3). IL-10 is also produced in large quantities by Treg cells 

and serves as a negative regulator of both Th1 and Th2 responses (4). Importantly, IL-10 

inhibits the production of proinflammatory cytokines such as IFN-γ (5, 6). This inhibitory 

effect is mediated by the suppressive effects of IL-10 on APCs as well as by the upregulation 

of SOCS1, the gene responsible for the majority of the physiological inhibition of IFN-γ–

induced signaling (7, 8).

IFN-γ, which is largely produced by NK cells and activated T cells, contributes to protective 

immunity against microbial pathogens in part by enhancing both the recruitment of 

leukocytes to the site of infection and the activation of these cells (9–11). IFN-γ also 

upregulates the expression of MHC molecules, in addition to other costimulatory molecules, 

on APCs (12, 13) and drives the differentiation of naive T cells to Th1 cells (14). Although 

this cytokine is protective against a wide range of pathogens (15, 16), excessive production 

can lead to severe, uncontrolled inflammation and subsequent damage to host tissues (17, 

18). IL-10–mediated inhibition of IFN-γ is crucial for protection against immune-mediated 

inflammatory disorders such as colitis and experimental autoimmune encephalitis (19–21). 

Notably, several bacterial pathogens dampen the IFN-γ response, often limiting the 

protection conferred by this proinflammatory cytokine (22–26). For instance, the inhibition 

of IFN-γ production by low calcium response toxin enhances the lethality of Yersinia pestis 
infection (27). Furthermore, some pathogens can modulate specific aspects of IFN-γ–

induced signaling pathways to optimize their interactions with the host. For example, 

Chlamydia species inhibit IFN-γ–mediated MHC class II upregulation, limiting the capacity 

of CD4+ T cells to respond to the infection (28).

Bordetella pertussis and Bordetella parapertussis are the etiologic agents of whooping cough 

in humans, which is a severe coughing illness that is re-emerging in even highly vaccinated 

populations (29–33). These bacteria spread between hosts via cough-produced aerosolized 

droplets, and the ability to persist within the host respiratory tract increases the amount of 

time during which the bacteria are shed, thereby enhancing the opportunity for transmission. 

Previous studies have addressed how B. pertussis persists within its host; pertussis toxin 

(PTX) prevents the migration of neutrophils to the lungs, allowing B. pertussis to grow to 

higher numbers in both naive and immune hosts (34, 35). Although not as well studied as B. 
pertussis, B. parapertussis behaves similarly in a mouse model of infection despite notable 

differences from B. pertussis, such as the absence of PTX. Inefficient stimulation of 

proinflammatory TLR4 responses appear to allow it to grow rapidly over the first few days, 

after which point bacterial numbers slowly decline over a month or more (36). This 

persistence led us to investigate how B. parapertussis modulates immune responses to extend 

its survival within infected hosts.

Both B. pertussis and B. bronchiseptica induce IL-10 as a means of limiting the host 

immune response to allow for persistence within the host, although these bacteria use 

different subsets of virulence factors not expressed by B. parapertussis or by one another, 

indicating that the mechanisms by which these pathogens modulate host immunity may 

differ between species. B. bronchiseptica induces IL-10 via the type III secretion system 

(25), whereas B. pertussis stimulates the production of this cytokine through the synergistic 
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action of adenylate cyclase toxin and LPS (37). B. parapertussis, although closely related to 

these pathogens, differs greatly in its expression of virulence factors. For instance, the LPS 

of B. parapertussis is significantly less stimulatory of TLR4 than that of either B. pertussis 
or B. bronchiseptica, and human-adapted B. parapertussis strains do not express a type III 

secretion system (25, 38, 39). In our studies, we evaluate whether the induction of IL-10 

contributes to the persistence of B. parapertussis in the host respiratory tract.

We have previously documented that CD4+ T cells are important for the elimination of B. 
parapertussis from the lower respiratory tract (40). In this study, we show that the reduction 

of bacterial numbers corresponds to an accumulation of CD4+ T cells in the lungs, as well as 

to the production of IFN-γ by T cells. Furthermore, we show that this proinflammatory 

cytokine is required for both the efficient recruitment of leukocytes and the clearance of B. 
parapertussis from the lungs. However, the IFN-γ response generated against B. 
parapertussis is delayed by the production of IL-10, which decreases leukocyte accumulation 

and delays the clearance of B. parapertussis from the lungs. Together, these data suggest that 

the induction of an IL-10 response, which subsequently limits protective IFN-γ production, 

allows B. parapertussis to persist within the host respiratory tract.

Materials and Methods

Bacterial strains and growth

B. parapertussis strain 12822 was isolated from German clinical trials and has previously 

been described (41). B. parapertussis strain 12822G is an isogenic gentamicin-resistant 

derivative of 12822 (40). Bacteria were maintained on Bordet‑Gengou agar (Difco, Albany, 

NY) containing 10% defibrinated sheep blood (Hema Resources, Aurora, OR) and 

appropriate antibiotics. Liquid cultures of bacteria were grown at 37°C overnight on a roller 

drum to midlog phase (an OD of ∼0.3) in Stainer-Scholte broth. Liquid cultures were 

incubated at 70°C for 30 min to generate preparations of heat-killed bacteria. These cultures 

were plated before and after incubation to determine the number of viable bacteria present.

Inoculation of mice

C57BL/6, TCRβδ−/− (B6.129P2-Tcrbtm1MomTcrdtm1Mom/J), IFN-γ−/− (B6.129S7-

Ifngtm1Ts/J), and IL-10−/− (B6.129P2-Il10tm1Cgn/J) mice were obtained from The Jackson 

Laboratory (Bar Harbor, ME) and bred in our Bordetella-free, specific pathogen-free 

facilities at The Pennsylvania State University. Bacteria grown overnight in liquid culture 

were diluted in PBS to ∼1 × 107 CFU/ml. Groups of 4- to 6-wk-old mice were lightly 

sedated with 5% isoflurane in oxygen and inoculated by pipetting 50 μl of the inoculum (5 × 

105 CFU) onto the external nares. Heat-killed bacteria were diluted to 109 CFU/ml and 

delivered by pipetting 50 μl (5 × 107 CFU) onto the external nares. All of the protocols were 

reviewed by the university’s Institutional Animal Care and Use Committee, and all of the 

animals were handled in accordance with institutional guidelines.

Quantification of bacteria and leukocytes in the lungs

To quantify bacteria, lungs were excised on day 0, 3, 7, 14, or 28 post-inoculation and 

homogenized in 1 ml of PBS, and the homogenate was serially diluted and plated onto 

Wolfe et al. Page 3

J Immunol. Author manuscript; available in PMC 2016 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bordet‑Gengou agar plates. CFUs were counted after incubating for 3 d at 37°C. To 

quantify leukocytes, bronchoalveolar lavage fluid (BALF) was collected from B. 
parapertussis-infected mice on day 0 (uninfected mice), 3, 7, 14, or 28 postinoculation. 

RBCs were lysed by treatment with 0.83% ammonium chloride as previously described (18). 

Leukocytes were counted on a hemocytometer to quantify total numbers in the BALF. 

Aliquots of cells were then stained with FITC-labeled anti–Ly-6G (eBioscience, San Diego, 

CA) for neutrophils, FITC-labeled anti-F4/80 (eBioscience) for macrophages, or FITC-

labeled anti-CD4 (eBioscience) for CD4+ T cells, and the percentage of FITC-positive cells 

was multiplied by the total number of leukocytes to calculate the numbers of neutrophils, 

macrophages, and CD4+ T cells, respectively.

Splenocyte restimulations

Restimulation of splenocytes was performed as previously described (18). Briefly, 

splenocytes were isolated by homogenizing spleens through a wire sieve, spinning at 400 × g 
for 5 min at 4°C, lysing the RBCs with 0.83% ammonium chloride, and then washing the 

cells with DMEM (HyClone, Logan, UT). Cells were resuspended in DMEM supplemented 

with 10% FCS (HyClone), 1 mM sodium pyruvate (HyClone), and 100 μg/ml penicillin and 

streptomycin (HyClone) at a concentration of 1 × 107cells/ml. Two hundred microliters of 

this suspension (2 × 106 cells) were placed into each well of a 96-well plate. Splenocytes 

were stimulated with medium alone or 1 × 107 CFU of heat-killed (HK) B. parapertussis 
(multiplicity of infection (MOI) of 5). After 3 d, the supernatant was collected and analyzed 

for IFN-γ and IL-10 production as specified by the manufacturers of ELISA kits (R&D 

Systems, Minneapolis, MN).

Stimulation of macrophage cell lines

The murine macrophage cell line MH-S was obtained from American Type Culture 

Collection (Manassas, VA) and cultured in RPMI 1640 supplemented with 10% FBS, 

penicillin, and streptomycin. Cells were placed in 96-well plates with ∼105 cells/well and 

stimulated with either live B. parapertussis or HK B. parapertussis at MOIs of 1, 10, or 100 

or 1 or 100 ng/well of purified B. parapertussis LPS to equal a total volume of 100 μl/well 

(19). HK B. parapertussis was made by heating cultures at 65°C for 30 min. Proteinase K 

was added to cultures at a concentration of 50 μg/ml for 30 min at 37°C. Both trypsin and 

RNase were added at a concentration of 200 μg/ml at 37°C for 10 and 30 min, respectively. 

Cell culture supernatants were collected after 24 h, and the concentration of IL-10 was 

measured via ELISA. These results were also reproduced using J774 cells, a murine 

peritoneal macrophage cell line.

Intracellular cytokine staining

Peritoneal exudate cells were analyzed by flow cytometry for intracellular IL-10. Briefly, 

cells were collected, RBCs were lysed with 0.83% ammonium chloride solution, and 

leukocytes were resuspended in DMEM before being counted on a hemocytometer. 

Approximately 2 × 106 cells were incubated at 37°C in 5% CO2 with 1 × 107 CFU of HK B. 
parapertussis and brefeldin A for 12 h. Cells were stained with a FITC-labeled surface 

marker for macrophages (F4/80), fixed, permeabilized, and stained with PE-labeled IL-10 

Wolfe et al. Page 4

J Immunol. Author manuscript; available in PMC 2016 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abs according to the manufacturer’s protocol (eBioscience). Cells were analyzed by flow 

cytometry for the quantification of double-positive cells.

Histological examination

Lungs were removed and inflated with 10% neutral buffered formalin, embedded in paraffin, 

and sectioned. Slides were prepared and stained with H&E, and an assessment of 

microscopic lesions was made by one of the authors (M.J.K.), who is experienced in rodent 

pathology and was blinded to the experimental treatments. Descriptive evaluations of the 

lesions were recorded, and lung lesions were graded by using a scale of 0–4. Sections with 

no lesions and no inflammation were given a score of 0, a score of 1 indicated slight 

inflammation with few or scattered lesions and <10% of lung fields affected, a score of 2 

indicated mild lesions with 10–20% of lung fields affected, a score of 3 indicated moderate 

lesions with 20–30% of the lung fields affected, and those given a score of 4 were 

characterized by extensive lesions, marked inflammation, and 31–50% of the lung affected. 

Plus marks indicated scores with a severity that fell between categories. Photographs were 

taken at ×100 magnification with an Olympus (Center Valley, PA) BH-2 light microscope 

fitted with a Nikon (Melville, NY) digital camera (DXM1200F).

Statistical analysis

Three to four mice were used per group per individual time point in each experiment. The 

mean for each group of mice ± SD (error bars) was determined for CFU, leukocytes, and 

cytokines. Two-tailed, unpaired Student t tests were used to determine statistical significance 

between groups. All of the experiments were performed at least twice with similar results, 

and figures shown are representative of one experiment. p < 0.05 were taken to be 

statistically significant.

Results

T cells required for the clearance of B. parapertussis are slowly recruited to the lungs

B. parapertussis persists in the respiratory tract of its host for a month or more but is unlikely 

to do so by the same mechanism as B. pertussis because it lacks PTX. To study the 

mechanism by which B. parapertussis may manipulate host immune responses, we first 

examined the kinetics of the generation of responses that are involved in protection. 

C57BL/6 mice were inoculated with B. parapertussis and sacrificed on day 0, 3, 7, 14, or 28 

postinoculation to quantify bacterial numbers in the lungs and CD4+ T cell numbers in the 

BALF, because these cells are essential to the clearance of B. parapertussis (40). B. 
parapertussis numbers peaked at ∼4 × 106 CFU on day 3 postinoculation and slowly 

declined thereafter until bacteria were nearly undetectable by day 28 postinoculation (Fig. 

1). CD4+ T cells were almost undetectable on days 0 and 3 postinoculation but had 

increased to ∼3 × 103 cells/ml of BALF by days 7 and 14 postinoculation and to 2 × 104 

cells/ml of B. parapertussis correlates with the slow accumulation of CD4+ T cells in the 

BALF, although they do not define the numbers of T cells in tissues or nodes or the function 

of those cells.
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T cells produce IFN-γ, which facilitates the clearance of B. parapertussis

IFN-γ is a proinflammatory cytokine required for protection against the closely related 

pathogens B. pertussis (42, 43) and B. bronchiseptica (25). Because activated T cells are a 

major source of IFN-γ, we examined the IFN-γ response against B. parapertussis in wild-

type and T cell-deficient mice. First, we investigated the presence of IFN-γ in the lung 

homogenates during infection and found the levels to be very low. Therefore, we examined 

the systemic cytokine response generated against B. parapertussis through restimulation of 

splenocytes over the course of infection, which provided a more robust representation of the 

Ag-specific cytokine response. C57BL/6 and TCRβδ−/− mice were inoculated with B. 
parapertussis, and their spleens excised for ex vivo assessment of IFN-γ production on days 

0, 7, 14, and 28 postinoculation. IFN-γ was produced at low levels (<50 pg/ml) by media-

stimulated splenocytes, which serves as the unstimulated control to determine background 

cytokine levels, from either mouse strain (Fig. 2). Upon stimulation with HK B. 
parapertussis, splenocytes from wild-type mice produced IFN-γ, which peaked on days 7 

and 28 postinoculation at concentrations of 1000 and 200 pg/ml, respectively, with low 

levels observed between these time points (Fig. 2). Similar results were observed upon 

examination of lung homogenate cytokines in C57BL/6 mice during infection (data not 

shown). HK B. parapertussis stimulated splenocytes from T cell-deficient mice produced 

low levels of IFN-γ (<50 pg/ml) at all time points (Fig. 2), indicating that T cells are 

required for the efficient production of this cytokine in response to B. parapertussis.

We hypothesized that IFN-γ contributes to the clearance of B. parapertussis from the lungs. 

To test this, C57BL/6 and IFN-γ −/− mice were inoculated with B. parapertussis and 

sacrificed on day 0, 3, 7, 14, or 28 postinoculation for the enumeration of bacterial numbers 

in the lungs. In wild-type mice, B. parapertussis numbers peaked at ∼5 × 106 CFU on day 3 

postinoculation and declined thereafter until nearly undetectable by day 28 postinoculation 

(Fig. 3). Bacterial numbers in the lungs of IFN-γ −/− mice were similar to those of wild-type 

mice on days 3 and 7 postinoculation. However, the lungs of IFN-γ−/− mice harbored ∼100-

fold more bacteria as compared with those of wild-type mice on days 14 and 28 

postinoculation (Fig. 3). Overall, these data indicate that IFN-γ is required for the efficient 

elimination of B. parapertussis from the lungs of mice.

IFN-γ is required for the efficient recruitment of leukocytes to the lungs upon B. 
parapertussis infection

IFN-γ can mediate the recruitment of leukocytes to the site of infection by inducing the 

production of chemokines by immune cells (44, 45). To assess the role of IFN-γ in the 

recruitment of leukocytes during B. parapertussis infection, C57BL/6 and IFN-γ−/− mice 

were inoculated with B. parapertussis and sacrificed on day 3, 7, 14, or 28 for BALF 

leukocyte enumeration. In wild-type mice, few leukocytes were recovered from the BALF 

by day 3 postinoculation (∼5 × 105). Leukocyte numbers rose to peak levels on day 7 

postinoculation (∼2 × 106) and declined thereafter (Fig. 4A). Leukocyte numbers in the 

BALF of IFN-γ−/− mice were also low on day 3 postinoculation (∼5 × 105) but remained 

low even on day 7 postinoculation (∼8 × 105) (Fig. 4A). Similarly, more neutrophils and 

macrophages were recovered from the lungs of wild-type mice as compared with those of 

IFN-γ−/− mice (Fig. 4B, 4C), although IFN-γ did not appear to affect the accumulation of T 
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cells (data not shown). Thus, IFN-γ contributes to the efficient recruitment of leukocytes to 

the lungs in response to B. parapertussis infection.

IL-10 is produced by macrophages in response to B. parapertussis

IFN-γ is important for the efficient clearance of B. parapertussis from the lungs, but its 

production can be modulated by IL-10 (46), an anti-inflammatory cytokine known to be 

induced by other Bordetella species (25, 37). Therefore, we measured IL-10 production in 

response to B. parapertussis infection and assessed the cell type responsible for the 

production of this cytokine. C57BL/6 and TCRβδ−/− mice were inoculated with B. 
parapertussis and sacrificed on day 0, 3, 7, 14, or 28 postinoculation. Splenocytes were 

isolated and stimulated with HK B. parapertussis to assess IL-10 production by these cells. 

IL-10 was nearly undetectable in the supernatants of unstimulated splenocytes at any time 

point. In contrast, IL-10 was produced by HK B. parapertussis stimulated splenocytes from 

wild-type and T cell-deficient mice (200 and 350 pg/ml, respectively) on day 3 

postinoculation, whereas lower levels (<50 pg/ml) were observed in the supernatants of 

stimulated splenocytes from mice that had been infected for 7 d (Fig. 5A). After day 7 

postinoculation, IL-10 was produced in large amounts, but wild-type splenocytes produced 

significantly more than T cell-deficient splenocytes (day 14, 700 and 400 pg/ml; day 28, 

4000 and 600 pg/ml, respectively). Together, these data indicate that some non-T cell 

produces IL-10 early in response to B. parapertussis, whereas T cells produce larger 

amounts of this cytokine after the first week of infection.

Because macrophages provide a first line of defense against infection and can produce 

IL-10, we examined whether B. parapertussis induces the production of IL-10 by these cells. 

Peritoneal exudate cells isolated from wild-type mice were incubated with HK B. 
parapertussis and intracellularly stained to assess IL-10 production induced upon primary 

Ag exposure. Although only 3% of macrophages stimulated with the media control were 

positive for intracellular IL-10, ∼40% of macrophages stimulated with B. parapertussis were 

positive for this cytokine after 12 h (Fig. 5B–F), indicating that macrophages produce IL-10 

in response to B. parapertussis.

MH-S cells, a murine alveolar macrophage cell line, were then stimulated with live B. 
parapertussis, HK B. parapertussis, or purified B. parapertussis LPS. Live bacteria induced 

dose-dependent production of IL-10, with an MOI of 100 eliciting ∼50 pg/ml of IL-10 (Fig. 

6A). In contrast, an equivalent number of heat-killed bacteria induced much lower levels of 

IL-10 at a concentration of only 20 pg/ml (Fig. 6A). Therefore, live B. parapertussis and to a 

lesser extent HK B. parapertussis induce the production of IL-10 by macrophages. B. 
parapertussis LPS (1 and 100 ng/well) did not induce levels of IL-10 that were measurably 

different from those induced by PBS alone (data not shown). In addition, when live B. 
parapertussis was treated with formalin, trypsin, or proteinase K prior to stimulation of the 

MH-S cells, IL-10 production was markedly decreased to only 13 pg/ml or less at an MOI of 

100 (Fig. 6A). To further understand the mechanism by which B. parapertussis induces 

IL-10 production in macrophage cells, MH-S cells were also stimulated with culture 

supernatants. Macrophage cells treated with B. parapertussis culture supernatants produced 

IL-10 at levels comparable to those of live B. parapertussis-stimulated cells, although this 
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effect was abrogated when supernatants were treated with formalin, trypsin, or proteinase K 

(Fig. 6B). Strikingly, when B. parapertussis culture supernatants were treated with RNase, 

IL-10 production was only slightly decreased as compared with live B. parapertussis or B. 
parapertussis culture supernatants alone (Fig. 6B). On the basis of these data, B. 
parapertussis appears to secrete a heat-labile protein factor that induces the production of 

IL-10 by macrophages.

IL-10 inhibits IFN-γ production and the resulting inflammatory response to B. 
parapertussis

To investigate the possibility that IL-10 limits the IFN-γ–mediated leukocyte recruitment 

important for the clearance of B. parapertussis infection, C57BL/6 and IL-10−/− mice were 

inoculated with B. parapertussis and sacrificed on day 0, 3, 7, or 14 postinoculation for the 

quantification of leukocytes in the BALF. Again, the peak of leukocyte accumulation in the 

lungs occurred around day 7 postinoculation in wild-type mice, although this peak was 

significantly higher in the lungs of IL-10−/− mice (Fig. 7A). Similarly, more neutrophils 

were recovered from the lungs of IL-10−/− mice (6 × 105) compared with those of wild-type 

mice (1.5 × 105) on day 7 postinoculation (Fig. 7B), indicating that IL-10 does limit the 

accumulation of neutrophils in the lungs during B. parapertussis infection. In addition, 

histological examination of wild-type versus IL-10–deficient lungs was performed to further 

assess the inflammatory infiltrate induced by B. parapertussis infection. Little inflammation 

was observed in the lungs of naive wild-type (Fig. 7C) or IL-10–deficient mice (Fig. 7D). By 

day 3 postinoculation, there were few signs of inflammation in the lungs of wild-type mice 

(Fig. 7E), but foci of inflammation, largely composed of neutrophils, were observed in the 

lungs of IL-10−/− mice (Fig. 7F). The lungs of wild-type mice contained numerous mild 

lesions by day 7 postinoculation (Fig. 7G), whereas those of IL-10−/− mice presented with 

lesions in addition to regions of pneumonia and leukocyte infiltration (Fig. 7H). Together, 

these data indicate that IL-10 inhibits the inflammatory response against B. parapertussis 
infection.

IL-10 inhibits the clearance of B. parapertussis from the respiratory tract

If inhibiting protective leukocyte influx via IL-10 induction is a strategy used by B. 
parapertussis to persist in its host, then we would expect that this pathogen would be more 

rapidly eliminated from IL-10-deficient hosts. To test this, C57BL/6 and IL-10−/− mice were 

inoculated with B. parapertussis and sacrificed on days 0, 3, 7, 14, or 28 postinoculation for 

the quantification of bacterial numbers in the lungs. B. parapertussis numbers peaked on day 

3 (4 × 106 CFU) in the lungs of wild-type mice and were reduced to 3 × 104 and <100 CFU 

by days 14 and 28, respectively (Fig. 8). In the lungs of IL-10−/− mice, bacterial numbers 

also peaked at 4 × 106 CFU on day 3 postinoculation but were reduced to <100 CFU by day 

14 and were undetectable by day 28 postinoculation (Fig. 8). Therefore, the 100-fold higher 

CFU in C57BL/6 versus IL-10−/− mice indicates that IL-10 delays the elimination of B. 
parapertussis from murine lungs.

Because an innate IL-10 response could skew the T cell response toward a Th2 or Treg 

phenotype, we assessed the effect of IL-10 on the IFN-γ response generated against B. 
parapertussis (47). The amounts of IFN-γ produced by splenocytes from C57BL/6 versus 

Wolfe et al. Page 8

J Immunol. Author manuscript; available in PMC 2016 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IL-10−/− mice in response to B. parapertussis after 0, 7, and 28 d of infection were 

compared. Unstimulated splenocytes produced <50 pg/ml of IFN-γ. Similarly, B. 
parapertussis-stimulated splenocytes from naive mice produced low levels of this cytokine. 

B. parapertussis-stimulated splenocytes from C57BL/6 mice infected with B. parapertussis 
for 7 or 28 d produced ∼1750 and 250 pg of IFN-γ, respectively (Fig. 9), whereas those 

from IL-10−/− mice produced ∼12,500 and 6000 pg of IFN-γ, respectively, at these times 

(Fig. 9). Similar results were also observed upon examination of lung homogenate cytokines 

(data not shown). Overall, these data indicate that B. parapertussis induces much higher 

IFN-γ production in the absence of IL-10.

Discussion

Acute pathogens have a limited opportunity to transmit to new hosts during short infectious 

periods, providing a strong selective advantage to those that can develop mechanisms to 

prolong infection. Furthermore, many pathogens, including the bordetellae, are capable of 

modulating aspects of the immune system to promote their persistence within hosts. Because 

IL-10 is an anti-inflammatory cytokine that significantly dampens critical immune effectors 

known to be involved in bacterial clearance, there should be strong selective advantage to 

pathogens that have evolved mechanisms by which they can influence the production of this 

cytokine to avoid immune-mediated clearance. There are examples of both microbial 

pathogens and commensals that induce IL-10 production by tissue resident macrophages and 

dendritic cells as a means of dampening host immune responses (48).

Interestingly, IL-10–deficient mice clear both B. bronchiseptica and B. parapertussis from 

their respiratory tracts more rapidly than wild-type mice (25; Fig. 8), although the absence 

of IL-10 does not appear to affect the course of B. pertussis infection (data not shown), an 

observation likely due to the expression of PTX by this species. During B. bronchiseptica or 

B. parapertussis infection, IL-10 limits the IFN-γ–mediated recruitment of leukocytes to the 

lungs. Consequently, in the absence of IL-10, a stronger inflammatory response may result 

in more efficient clearance of these pathogens. Although more IFN-γ could also be 

produced during B. pertussis infection in IL-10–deficient hosts, the expression of PTX 

inhibits the recruitment of phagocytic cells (35, 49, 50) and may, therefore, overcome the 

inflammatory effects of increased IFN-γ on bacterial clearance.

The protective immune response against infection by B. parapertussis should be considered 

when creating the next generation of whooping cough vaccines. Although the incidence of 

whooping cough dropped upon the introduction of whole-cell whooping cough vaccines in 

the 1940s and 1950s (51, 52), the switch from whole-cell to acellular vaccines has roughly 

correlated with the recent resurgence of whooping cough. Importantly, neither vaccine is 

very effective against B. parapertussis, with the acellular vaccine being even less effective 

than whole-cell vaccines (53, 54). Whole-cell vaccines stimulate a Th1-skewed response 

characterized by large amounts of IFN-γ, but current acellular vaccines induce a Th2-

skewed T cell response with little Bordetella-specific IFN-γ (53–55). Because this cytokine 

is now known to be protective against both causative agents of whooping cough, B. pertussis 
(43) and B. parapertussis (Fig. 2), it seems likely that modifying vaccines to induce more of 

a Th1 response could help to combat the resurgence of this disease.
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Although B. parapertussis is able to cause the same respiratory illness as B. pertussis despite 

the absence of PTX, little is known regarding the virulence factors that are important to its 

pathogenesis. Recent work has illuminated the importance of O Ag, which is not expressed 

by B. pertussis, in B. parapertussis pathogenesis. We have previously reported that O Ag 

enables B. parapertussis to avoid B. pertussis-induced Ab responses (56), potentially 

providing an explanation as to how B. parapertussis causes disease in B. pertussis-

immunized individuals (57). Also, O Ag enhances the evasion of complement-mediated 

control by this pathogen (58). Despite its protective role, the fact that O Ag is a component 

of LPS makes it an unlikely candidate to be included in future vaccines. Although it is 

unclear which B. parapertussis protein toxins and/or adhesins could be effectively used in 

immunizations, our observation that IL-10 induction facilitates its persistence by modulating 

IFN-γ provides important insight into the pathogenesis of B. parapertussis disease and the 

type of immune response required for efficient protection against this respiratory pathogen.
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FIGURE 1. 
B. parapertussis and CD4+ T cell numbers in murine lungs over time. C57BL/6 mice were 

inoculated with B. parapertussis and sacrificed on day 0, 3, 7, 14, or 28 postinoculation to 

quantify bacterial numbers in the lungs or CD4+ T cells in the BALF. Bacterial numbers are 

expressed as the log10 mean CFU of each group of four mice ± SD. CD4+ T cell numbers 

are expressed as the mean number of cells per lung ± SD. *p < 0.05 when comparing 

bacterial numbers to the peak observed on day 3 postinoculation; †p < 0.05 when comparing 

CD4+ T cell numbers to those of naive mice.
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FIGURE 2. 
Production of IFN-γ in response to B. parapertussis. C57BL/6 and TCRβδ−/− mice were 

inoculated with B. parapertussis and sacrificed 0, 7, 14, or 28 d later. Splenocytes were 

exposed to media or HK B. parapertussis and monitored for the production of IFN-γ. IFN-γ 
levels are expressed as the mean pictograms per milliliter produced by each group of mice ± 

SD. *p < 0.05 when compared with media-stimulated controls.
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FIGURE 3. 
Effect of IFN-γ on clearance of B. parapertussis. C57BL/6 and IFN-γ−/− mice were 

inoculated with B. parapertussis and sacrificed on day 0, 3, 7, 14, or 28 for the quantification 

of bacterial numbers in the lungs. CFU are expressed as the log10 mean of each group of 

mice ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 4. 
Leukocyte accumulation in response to B. parapertussis infection of wild-type and IFN-γ–

deficient mice. C57BL/6 and IFN-γ−/− mice were inoculated with B. parapertussis and 

sacrificed on day 3, 7, 14, or 28 to quantify (A) total leukocytes, (B) neutrophils, or (C) 

macrophages in the BALF. WBC numbers are expressed as the mean number of cells per 

lung ± SD. *p < 0.05 when comparing wild-type versus IFN-γ−/− mice.
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FIGURE 5. 
IL-10 production in response to B. parapertussis. A, C57BL/6 and TCRβδ−/− mice were 

inoculated with B. parapertussis and sacrificed on day 0, 3, 7, 14, or 28 postinoculation for 

the quantification of IL-10 production by splenocytes. IL-10 levels are expressed as the 

mean picograms per milliliter of each group of mice ± SD. p < 0.05 when comparing media 

control to HK B. parapertussis stimulated are denoted by asterisks for C57BL/6 or dagger 

for TCRβδ−/−, and double dagger represents p < 0.05 when comparing HK B. parapertussis 
stimulated C57BL/6 and TCRβδ−/− mice. The lower limit of detection was 50 pg. B–F, 

Peritoneal macrophages from C57BL/6 mice were stimulated with media (C, D) or HK B. 
parapertussis (E, F) at an MOI of 5, and the percentages of IL-10-positive macrophages were 

quantified (B). Peritoneal exudate cells were stained with a PE-labeled isotype control Ab 

(C, E) or PE-labeled anti–IL-10 (D, F).
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FIGURE 6. 
IL-10 production by macrophages in response to live versus HK B. parapertussis. A, MH-S 

cells were stimulated with live B. parapertussis, HK B. parapertussis, or live B. parapertussis 
treated with heat, formalin, trypsin, or proteinase K at varying MOIs. IL-10 levels are 

expressed as the mean picograms per milliliter ± SD. *p < 0.05; **p < 0.01. B, MH-S cells 

were stimulated with live B. parapertussis, bacterial culture supernatants, and supernatants 

that were treated with proteinase K, trypsin, or RNase. Cells were stimulated with these 

groups for 24 h before supernatants were collected and analyzed for IL-10 quantification via 

ELISA. IL-10 levels are expressed as the mean picograms per milliliter ± SD.
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FIGURE 7. 
Effect of IL-10 on the inflammatory response to B. parapertussis infection. C57BL/6 and 

IL-10−/− mice were inoculated with B. parapertussis and sacrificed on day 0, 3, 7, or 14 to 

quantify leukocytes (A) and neutrophils (B) in the BALF. Cell numbers are expressed as the 

mean number of cells per lung ± SD; *p < 0.05. C–H, Mice were also sacrificed on day 0 (C, 
D), 3 (E, F), or 7 (G, H) to evaluate pathology of the lungs of C57BL/6 (C, E, G) and 

IL-10−/− (D, F, H) mice. C–H, Sections stained with H&E are shown at ×100 magnification.
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FIGURE 8. 
Effect of IL-10 on the clearance of B. parapertussis from the lungs. C57BL/6 and IL-10−/− 

mice were inoculated with B. parapertussis and sacrificed on day 0, 3, 7, 14, or 28 to 

quantify bacterial numbers in the lungs. CFU are expressed as the log10 mean of each group 

of mice ± SD; *p < 0.05.
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FIGURE 9. 
Effect of IL-10 on the IFN-γ response to B. parapertussis. C57BL/6 and IL-10−/− mice were 

inoculated with B. parapertussis and sacrificed on day 0, 7, or 28. Splenocytes were exposed 

to media or HK B. parapertussis and monitored for the production of IFN-γ. IFN-γ 
production was quantified and expressed as the mean picograms per milliliter of each group 

of mice ± SD. The lower limit of detection was 50 pg; *p < 0.05.
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