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Abstract

Type I and III IFNs play diverse roles in bacterial infections, being protective for some but 

deleterious for others. Using RNA-sequencing transcriptomics we investigated lung gene 

expression responses to Bordetella pertussis infection in adult mice, revealing that type I and III 

IFN pathways may play an important role in promoting inflammatory responses. In B. pertussis–

infected mice, lung type I/III IFN responses correlated with increased proinflammatory cytokine 

expression and with lung inflammatory pathology. In mutant mice with increased type I IFN 

receptor (IFNAR) signaling, B. pertussis infection exacerbated lung inflammatory pathology, 

whereas knockout mice with defects in type I IFN signaling had lower levels of lung inflammation 

than wild-type mice. Curiously, B. pertussis–infected IFNAR1 knockout mice had wild-type levels 

of lung inflammatory pathology. However, in response to infection these mice had increased levels 

of type III IFN expression, neutralization of which reduced lung inflammation. In support of this 

finding, B. pertussis–infected mice with a knockout mutation in the type III IFN receptor 

(IFNLR1) and double IFNAR1/IFNLR1 knockout mutant mice had reduced lung inflammatory 

pathology compared with that in wild-type mice, indicating that type III IFN exacerbates lung 

inflammation. In marked contrast, infant mice did not upregulate type I or III IFNs in response to 

B. pertussis infection and were protected from lethal infection by increased type I IFN signaling. 

These results indicate age-dependent effects of type I/III IFN signaling during B. pertussis 
infection and suggest that these pathways represent targets for therapeutic intervention in pertussis.

Pertussis, also referred to as whooping cough, is a highly contagious respiratory disease 

caused by infection with the bacterial pathogen Bordetella pertussis. There has been a recent 

resurgence in pertussis, with 48,277 reported cases in the United States in 2012, the most 

since 1955 (1). In older children and adults, symptoms build up to periods of severe 

paroxysmal coughing, often for several weeks after onset, but other complications are 

relatively rare (2, 3). However, for infants, pertussis can be a fatal disease because of 
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complications, including pulmonary hypertension, high-level circulating leukocytosis, and 

pneumonia (4–6). A major difficulty in the treatment and prevention of pertussis is our 

relatively poor understanding of specific mechanisms of disease pathogenesis. In addition, 

the limited effectiveness of the currently used acellular vaccine that confers rapidly waning 

immunity as well as a lack of effective treatments contribute to these challenges (7). 

Antibiotics are administered to infected individuals to prevent transmission but do not 

typically change the clinical course of disease for the infected person (8, 9). Host-directed 

therapeutics that treat pertussis disease could benefit individuals with severe cough and save 

the lives of infected infants. Our current work has identified several host targets that are 

involved in inflammatory and immune responses to B. pertussis infection and are potential 

candidates for therapeutic intervention (10–12).

Type I IFNs (including IFN-α and IFN-β) signal through the IFN-αR (IFNAR)1/IFNAR2 

heterodimeric receptor (13) and JAK/STAT pathway (14). They are major cytokines in 

immune responses and antiviral defense, but they are also involved in pathogenesis and 

inflammation in several disease models (15–18). Type I IFNs have diverse roles in bacterial 

infections in animal and cell culture models, providing protective effects against some of 

these infections and deleterious effects for others (15, 19, 20). For example, they are 

protective against infections by Legionella pneumophila (21), Streptococcus pneumoniae 
(20) and Helicobacter pylori (22), but detrimental to Mycobacterium tuberculosis (23), 

Listeria monocytogenes (24) and Staphylococcus aureus (25) infections. Although the 

mechanisms are unclear in most of these cases, the diverse activities of type I IFNs 

combined with the specific context of each host–pathogen interaction likely determine this 

dichotomy of effects. The role of type I IFNs in B. pertussis infection and disease is an 

understudied area. In one recent report, it was found that IFN-α–producing lung 

plasmacytoid dendritic cells subdue immune cell Th17 responses in B. pertussis–infected 

mice (26).

Type II IFN or IFN-γ signals through the IFN-γR (IFNGR) and JAK/STAT pathway (27). 

IFN-γ is induced in adult mouse lungs in response to B. pertussis infection (28), and IFN-γ 
signaling is important for host defense in mouse models of pertussis because IFNGR1 

knockout (KO) adult mice fail to maintain localization of the infection to the respiratory 

tract and succumb to a lethal disseminating infection (29). However, these mice do not 

exhibit altered lung inflammatory pathology compared with wild-type (WT) mice (30).

Type III IFNs, also known as IFN-λ, are more recently discovered cytokines that can induce 

expression of the same downstream IFN-stimulated genes (ISGs) as type I IFN (31). Type III 

IFNs also signal through the JAK/STAT pathway but use a different heterodimeric receptor, 

type III IFN receptor (IFNLR1)/IL-10Rβ, expressed predominantly by epithelial cells as 

well as by several immune cells (32, 33). Type III IFNs have not yet been investigated with 

regards to their involvement in B. pertussis infection but have been described as critical in 

immune responses to many viral as well as some bacterial infections (34–36). In this study, 

we report transcriptomic analysis of lung gene expression changes in response to B. 
pertussis infection in adult mice. Our analysis identified IFNAR1 and IFNLR1 as two of the 

most significant upstream regulators of transcriptional responses to infection, and we 

hypothesized that type I and III IFNs exacerbate lung inflammatory pathology during B. 
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pertussis infection. Because mice are incapable of coughing, lung inflammatory pathology 

represents the best indicator of pertussis disease in the murine model. Lung inflammatory 

pathology is also seen in B. pertussis–infected baboons, which exhibit the typical 

paroxysmal pertussis cough, as well as in fatal human infant pertussis autopsies (4, 37, 38). 

Our studies in the adult mice described in this report support the hypothesis that type I and 

III IFNs exacerbate pertussis disease. In marked contrast, we found that type I and III IFN 

genes were not upregulated in response to B. pertussis infection in infant mice and that 

increased type I IFN signaling was protective in infant mice against lethal infection, 

indicating age dependence in the effects of these cytokines in the pathogenesis of this 

infection. Mouse models of B. pertussis infection reflect the different pathogenesis of 

pertussis in infant and adult humans. In adult mice, disease is characterized by significant 

and prolonged lung inflammatory pathology from which the mice recover, but in infant 

mice, infection progresses to a lethal disseminating disease with no significant lung 

inflammation until just prior to the time of death (39). Overall, our findings indicate that 

type I and III IFN signaling contribute to pertussis pathogenesis and may represent 

important host targets for therapeutic intervention in pertussis, although the specific 

direction of therapy would be different between adults and infants.

Materials and Methods

Bacterial strains

In these studies, our strain of B. pertussis was a streptomycin-resistant derivative of Tohama 

I (40). B. pertussis was grown on Bordet–Gengou agar supplemented with 10% defibrinated 

sheep’s blood (LAMPIRE Biological Laboratories) and 200 μg/ml streptomycin at 37°C for 

48 h.

Mouse infections

All mouse strains were on the C57BL/6 genetic background. WT, Ifnar1−/− (The Jackson 

Laboratory), Ifnar1S526A (IFNAR1-SA) (41), Ifnlr1−/−, Ifnar1/Ifnlr1−/− (kindly provided by 

S. Kotenko), Ifnb−/− (kindly provided by S. Vogel), Stat1−/− and Stat2−/− (The Jackson 

Laboratory) animals were all used in accordance with an Institutional Animal Care and Use 

Committee protocol (University of Maryland, Baltimore). Bacteria were grown for 48 h on 

Bordet–Gengou agar, and inocula were prepared in PBS suspension. For adult mice, 2 × 106 

CFU (unless otherwise stated) were administered intranasally in a volume of 50 μl. For 

infant mice, bacteria were administered by aerosol, as described previously (39). The 

sphingosine-1–phosphate (S1P) receptor agonist AAL-R (kindly provided by H. Rosen) was 

dissolved in sterile water and administered intranasally at a dose of 0.5 mg/kg. Anti-mouse 

IFN-λ (IL-28A/B) and isotype control Abs (R&D Systems) were administered i.p. at a dose 

of 25 μg on the indicated days postinoculation. Y136 protein (R&D Systems) and BSA were 

administered s.c. at a dose of 2 μg on the indicated days postinoculation. Following 

infection, lungs (and other organs) were removed for analysis of bacterial burden, transcript 

levels, protein levels, and inflammatory histopathology. In general, groups of adult mice 

consisted of four to six animals of both sexes, and groups of infant mice were litters of five 

to nine animals of both sexes.
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Protein isolation and processing

After harvest, tissues were flash-frozen using an isopropanol/dry-ice bath. The tissue was 

then homogenized in 2 ml of PBS with protease inhibitor (Roche) added to prevent protein 

degradation. ELISA was performed on dilutions of the tissue samples as per the 

manufacturer’s protocol (PBL Assay Science) for IFN-α, -β, and -λ kits.

RNA isolation and quantitative real-time PCR

After harvest, tissues were flash-frozen using an isopropanol/dry-ice bath. RNA extraction 

was achieved using the RNeasy Microarray Tissue Kit (QIAGEN) following the 

manufacturer’s instructions, and they were DNase treated to remove DNA contamination. 

Quality control on RNA was performed on a 2100 Bioanalyzer machine (Agilent 

Technologies). cDNA was synthesized from mRNA using a reverse transcription system 

(Promega) as per the manufacturer’s instructions. Quantitative real-time PCR was performed 

with SYBR Green/ROX Master Mix for quantitative PCR in the 7500 Fast Real-Time PCR 

system (Applied Biosystems). Hypoxanthine phosphoribosyltransferase (hprt) was used as a 

house-keeping control gene. Primers used for PCR are listed in Supplemental Table I. 

Expression was determined by calculating fold changes compared with PBS “sham”-

infected animals using the 2−ΔΔCT method.

RNA sequencing

RNA-sequencing (RNA-seq) analysis was performed by the Informatics Resource Center, 

Institute for Genome Sciences, University of Maryland School of Medicine. Paired end 

Illumina libraries were mapped to the mouse reference, Ensembl GRCm38.74, using TopHat 

v1.4.0 with the default mismatch parameters. Read counts for annotated genes were 

calculated using HTSeq. DESeq Bioconductor package v1.5.24 was used to normalize read 

counts by library size to generate gene counts per million, estimate dispersion, and 

determine differentially expressed genes between two groups. Downstream analysis was 

done with differentially expressed transcripts with a false discovery rate of ≤0.05 and log2 

fold change. Ingenuity Pathway Analysis (IPA) was used to compute enrichment of 

biological pathways using the list of differentially expressed genes. IPA was also used to 

analyze upstream regulators by predicting the regulators of each data set and their activation 

state. Each predicted upstream regulator is assigned a z-score for their activation state based 

on previous experimentally observed transcriptional events from the literature. A z-score of 

<2 predicts a regulator to be inhibitory, whereas a z-score of >2 indicates the regulator is 

activating. Additionally, each upstream regulator is assigned an overlap p value, a measure 

of statistically significant overlap between genes in the dataset and genes known to be 

regulated by this regulator. Reads were deposited in the National Center for Biotechnology 

Information Sequence Read Archive (https://www.ncbi.nlm.nih.gov/bioproject/?

term=PRJNA493118) under BioProject PRJNA493118,.

Pathology

Lungs were perfused with PBS, then transferred to 10% (w/v) buffered formalin. H&E 

staining was performed at the Pathology and Histology Laboratory at the University of 

Maryland School of Medicine. Histopathological findings were scored on a scale of 0–9. 
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Every slide was scored 0–3 in the following three categories by multiple blinded 

investigators: the degree of tissue consolidation, severity of bronchovascular bundle 

inflammation, and the percentage of bronchovascular bundles inflamed.

Statistical analysis

Data were analyzed and graphs were made using GraphPad Prism 8.0 statistics software. 

Each plot represents mean values with SD. In the RNA-seq data, IPA software was used to 

calculate z-scores for upstream regulators, and the Fisher exact test was used to determine 

the probability that associations between genes in our data sets and canonical pathways were 

significant. The Student t test was used for determining significance between two means, 

and two-way ANOVA was used for determining significance between multiple groups.

Results

Lung transcriptional response to B. pertussis infection in adult mice

To investigate the mechanisms through which B. pertussis induces lung inflammatory 

pathology, we used RNA-seq to differentiate lung transcriptional responses in B. pertussis–

infected adult WT mice compared with sham-infected mice at 4 d postinoculation (dpi). In 

total, 1537 genes were >2-fold differentially regulated in infected versus uninfected mice. 

Within these 1537 genes, 451 were downregulated and 1086 were upregulated in B. 
pertussis–infected lungs (Fig. 1A). The top 10 most differentially regulated genes (all 

upregulated) are shown in Fig. 1B, including 1) proinflammatory genes (Ifng, Csf3, Cxcl3), 

2) genes coding for acute phase proteins associated with inflammation (Il6) (42), and 3) 

antimicrobial response genes (Acod1, Defb4) (43). These data demonstrate an overall 

antibacterial response and increase in proinflammatory gene expression in the lungs 

following B. pertussis infection. Furthermore, IPA was used to identify the most significant 

canonical pathways represented by the differentially expressed genes (top 10 shown in Fig. 

1C). These pathways also reflect an inflammatory response, including the following: pattern 

recognition receptor recognition of bacteria (such as TLR signaling), agranulocyte and 

granulocyte adhesion and diapedesis (cell mobilization as part of the inflammatory 

response), increased inflammatory acute phase response signaling, and a reduction of anti-

inflammatory IL-10 signaling. Using IPA, upstream regulators of the differentially expressed 

genes were predicted (Fig. 1D). This analysis predicts that the most significant upstream 

regulator is IFNAR1, which is essential for all type I IFN signaling (13). In addition to 

IFNAR1, IFNLR1 (part of the heterodimeric IFN-λ receptor) was the fifth most significant 

upstream regulator of transcriptional responses. Consistent with this finding, a large number 

of ISGs were upregulated in response to B. pertussis infection (Supplemental Fig. 1A), 

including genes in the top 10 most significantly upregulated (Cxcl11, Oas1h) (44, 45). These 

findings indicate that type I and III IFN signaling play a significant role in host responses to 

B. pertussis infection. Based on these data and published findings on the role of type I IFN 

signaling in exacerbation of other bacterial infections (17, 18), IFNAR1 was chosen as a 

candidate pathway for investigation of its contribution to lung inflammatory pathology 

during B. pertussis infection.
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Type I IFN production is induced in response to B. pertussis infection in adult mice

Because we identified IFNAR1 as the most significant upstream regulator of transcriptional 

responses to B. pertussis infection, we investigated the expression of type I IFN in the lungs 

throughout the time course of infection. To achieve this, we infected WT mice with B. 
pertussis and harvested lungs at timepoints of 4, 7, 10, and 14 dpi. Bacterial loads showed a 

typical early peak (4 dpi) then decline at later timepoints (Fig. 2A). Results from quantitative 

RT-PCR showed the significant transcriptional upregulation of both IFN-α (Fig. 2B) and 

IFN-β (Fig. 2C) starting after 4 dpi and peaking at 10 dpi around 15-fold higher than PBS 

sham-inoculated controls. Protein levels for both IFN-α and IFN-β were similarly 

upregulated but starting at 4 dpi (prior to the start of transcriptional upregulation) (Fig. 2D, 

2E), suggesting that translational regulation may account for this earlier increase in type I 

IFN levels. Additionally, the temporal profile of type I IFN production correlated with that 

of the proinflammatory cytokines IL-6, IL-1β, IFN-γ, and TNF-α in response to B. pertussis 
infection (Supplemental Fig. 1B), suggesting a possible link between type I IFNs and lung 

inflammation.

Increased IFNAR signaling leads to exacerbation of lung inflammatory pathology in B. 
pertussis–infected adult mice

Having confirmed type I IFN induction by B. pertussis infection, we sought to determine the 

contribution of type I IFN signaling to host lung inflammation during infection. 

Inflammatory and stress signals act to rapidly downregulate IFNAR1 by stimulating the 

phosphorylation-driven ubiquitination, internalization, and degradation of this protein (46, 

47). Thus, we used IFNAR1-SA mutant mice that harbor a mutation in the cytoplasmic 

domain of IFNAR1 (41). This mutation acts to interfere with inflammation-induced 

proteolytic loss of the receptor, leading to increased type I IFN signaling under 

inflammatory conditions (41, 48), but otherwise these mice do not display any difference in 

development, function, or activity of immune cells (or any other phenotypes) compared with 

WT mice (41, 49–51). To test the effect of B. pertussis infection in IFNAR1-SA mice, we 

inoculated IFNAR1-SA and WT mice with a lower dose (1 × 106 CFU) of B. pertussis 
because our standard dose induces near maximal levels of lung inflammatory pathology at 7 

dpi in WT mice (and therefore we would not be able to observe any potential increase in 

inflammation in the IFNAR1-SA mice). Bacterial burdens in B. pertussis–infected IFNAR1-

SA mice showed no significant difference from those in infected WT mice (Fig. 3A). 

Despite this lack of difference in bacterial loads, IFNAR1-SA mice had significantly higher 

levels of lung inflammatory pathology than WT mice at 7 dpi (Fig. 3B, 3C). Infected 

IFNAR1-SA mice also displayed higher gene expression of the proinflammatory cytokines 

IL-1β, TNF-α, IL-6, and IFN-γ than WT mice at 7 dpi (Fig. 3D). Type I and type III IFN 

gene expression levels were not significantly different between the two groups (data not 

shown), although IFNAR1-SA mice had higher expression of the ISGs MX1 (Fig. 3D) and 

ISG15 (data not shown), reflecting the increased level of IFNAR signaling. Together, these 

data demonstrate a clear role for enhanced type I IFN signaling in exacerbation of lung 

inflammatory pathology during B. pertussis infection.

Previously, we showed that treating B. pertussis–infected mice with the S1P receptor agonist 

AAL-R resulted in a reduction of pulmonary inflammatory pathology (11, 12). A recent 
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report suggested that AAL-R reduces inflammation by promoting the internalization and 

degradation of IFNAR1 (52). We found that AAL-R administration reduced lung 

inflammatory pathology at 7 dpi in WT mice but not in IFNAR1-SA mice inoculated with 

our standard dose of B. pertussis (Fig. 3E). This indicates that AAL-R has no effect in mice 

that cannot downregulate IFNAR signaling because of defective internalization, and 

therefore, the therapeutic activity of this drug is dependent upon elimination of IFNAR1 and 

inhibition of type I IFN signaling in B. pertussis–infected mice. In addition, this finding 

further supports an important role for type I IFN signaling in exacerbation of pulmonary 

inflammation induced by B. pertussis infection.

Impaired type I IFN signaling leads to a reduction in lung inflammatory pathology during B. 
pertussis infection in adult mice

Because enhanced IFNAR signaling led to an increase in lung histopathology and 

inflammation, we predicted that reduction in type I IFN signaling would reduce 

inflammatory pathology in B. pertussis–infected mice. We investigated this by examining 

outcomes in mutant mouse strains deficient in some aspect of type I IFN signaling, including 

mice with KO mutations in IFN-β (a type I IFN), STAT1, and STAT2 [transcription factors 

that mediate type I and type III IFN signaling (14)]. B. pertussis infection of these mutant 

mice showed no significant difference in bacterial burden from that in WT mice (Fig. 4A). 

However, lung inflammatory pathology scores at 7 dpi were significantly lower in each of 

the mutant mice compared with those in WT mice (Fig. 4B). Of these, STAT1 KO mice 

showed the lowest levels of lung inflammation, which may indicate a role for other STAT1-

dependent factors (such as IFN-γ) in promoting lung inflammation. Overall these data are 

again consistent with a role for the type I IFN pathway in promoting lung inflammatory 

pathology during B. pertussis infection.

IFNAR1 KO mice have similar levels of lung inflammation to WT mice when infected with 
B. pertussis

To obtain further support for a role of IFNAR signaling in lung inflammation during B. 
pertussis infection, we investigated outcomes of infection in IFNAR1 KO mice. B. 
pertussis–infected IFNAR1 KO adult mice displayed no significant difference in bacterial 

burden compared with WT mice (Fig. 5A). Surprisingly, IFNAR1 KO mice had equivalent 

levels of lung inflammatory pathology to WT mice at 7 and 10 dpi (Fig. 5B) and at any other 

time points examined (data not shown). Further investigation of host responses in infected 

IFNAR1 KO mice revealed significantly increased IFN-λ gene expression (~7-fold) 

compared with infected WT mice (Fig. 5C). This relative increase in IFN-λ expression was 

not observed in infected IFN-β, STAT1, and STAT2 KO mice (Fig. 5C), in which we had 

observed reduced levels of lung inflammatory pathology (in fact, in infected STAT1 and 

STAT2 KO mice, IFN-γ expression was significantly lower than WT levels, perhaps because 

IFN-λ amplifies expression of its own gene). In contrast, type I IFN gene expression was not 

significantly upregulated in infected IFNAR1 KO mice, although IFN-γ was expressed at 

WT levels (Supplemental Fig. 2A–C). We hypothesized that the increased expression of type 

III IFN could explain the WT levels of lung inflammation seen in the infected IFNAR1 KO 

mice, in effect “compensating” for the loss of type I IFN signaling. To test this hypothesis, 

IFNAR1 KO or WT mice were inoculated with B. pertussis and then treated 0, 2, and 4 dpi 
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with a neutralizing anti–IFN-λ Ab and with a viral protein (Y136) previously shown to 

inhibit IFN-λ signaling (53). Control-infected mice were treated with an equivalent isotype 

Ab and BSA. Results from 7 dpi showed that, despite no effect on bacterial loads (Fig. 5D), 

infected IFNAR1 KO mice treated to reduce IFN-λ signaling had significantly reduced 

levels of lung inflammatory pathology compared with control-infected mice (Fig. 5E). 

Treated IFNAR1 KO mice also had reduced levels of IFN-λ gene upregulation (Fig. 5F), 

again indicating that IFN-λ amplified expression of its own gene. Treatment did not affect 

gene expression levels of the other IFN genes (Supplemental Fig. 2D–F). Because our RNA-

seq analysis had shown that IFNLR1 (IFN-λR component) was one of the most significant 

upstream regulators of host transcriptional responses to infection (Fig. 1D), these findings 

together implicate type III IFN as an additional factor contributing to lung inflammatory 

pathology during B. pertussis infection.

Type III IFNs contribute to lung inflammatory pathology in B. pertussis–infected adult mice

No previous information has been published on IFN-λ in B. pertussis infection, so our first 

step was to analyze the profile of expression throughout infection. We found that in infected 

adult WT mice, IFN-λ gene expression followed a similar pattern to that of type I IFNs, 

with upregulation starting after 4 dpi and peaking at 10 dpi (Fig. 6A). IFN-λ protein levels 

followed a similar pattern to those of type I IFN as well, with measurable levels seen from 4 

dpi to 14 dpi, peaking at 10 dpi (Fig. 6B).

We reasoned that if the WT levels of lung inflammatory pathology observed in infected 

IFNAR1 KO mice (Fig. 5B) were due to the increased level of IFN-λ expression in the lungs 

of these mice (Fig. 5C), then mice deficient in both IFNAR1 and IFNLR1 should have 

reduced levels of lung inflammatory pathology because neither type I nor type III IFN 

signaling would occur. Upon infection of IFNAR1/IFNLR1 double KO mice, there were no 

significant differences in bacterial burden compared with those in WT mice (Fig. 6C). 

However, lung inflammatory pathology scores were significantly lower in the double KO 

mice than in WT mice (Fig. 6D). Interestingly, the same was true for IFNLR1 KO mice (in 

which type I IFN signaling would be functional), indicating that loss of type III IFN 

signaling alone is sufficient to reduce lung inflammatory pathology during B. pertussis 
infection. Analysis of IFN gene expression in the lungs of IFNLR1 KO and IFNAR1/

IFNLR1 double KO mice revealed that neither type I nor type III IFN was significantly 

upregulated in response to infection at 7 dpi, in contrast to their robust upregulation in WT 

mice (Fig. 6E–G). Upregulation of IFN-γ gene expression in these mice was blunted 

compared with WT mice but was still significantly above background levels (Fig. 6H). 

These data indicate that type III IFNs contribute to lung inflammatory pathology in 

conjunction with type I IFNs but also that type III IFN signaling is necessary for 

upregulation of type I (and III) IFN gene expression in response to B. pertussis infection.

Increased IFNAR signaling protects infant mice from B. pertussis–induced lethality

The pathogenesis of B. pertussis infection in infant (7 d old) mice is markedly different from 

that in adult mice, as exemplified by higher bacterial loads in the lung, dissemination of 

infection to other organs, leukocytosis, and death (39). In addition, significant lung 

inflammation in B. pertussis–infected infant mice is not seen until just prior to death (around 

Ardanuy et al. Page 8

J Immunol. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2 wk postinoculation in our model), in contrast to the pronounced and prolonged lung 

inflammation in adult mice (39). To investigate whether differences in type I and III IFN 

expression and signaling between adult and infant mice might contribute to the contrasting 

outcomes of infection, we first analyzed the profile of type I and III IFN gene expression in 

the lungs of infant WT mice during B. pertussis infection. As shown in Fig. 7A and 7B, in 

contrast to the robust upregulation in adult mice, no significant transcriptional upregulation 

of IFN-α or IFN-λ was seen through 12 d of infection in infant mice, and gene expression 

was downregulated compared with sham-infected mice at some time points. There was a 

similar lack of transcriptional upregulation of IFN-β in infected infant mice (data not 

shown). However, type I IFN responses were activated in B. pertussis–infected IFNAR1-SA 

infant mice, with increased levels of expression of the ISGs, ISG15, and MX1 compared 

with infected WT mice (Fig. 7C, 7D). Type I and III IFN gene expression levels were 

equivalent to those in WT mice (data not shown), whereas upregulation of IFN-γ gene 

expression was blunted (Fig. 7E). Remarkably, infected IFNAR1-SA infant mice suffered a 

significantly lower level of lethality than infected WT infant mice (Fig. 8A), indicating that 

increased type I IFN signaling is protective for infant mice, in contrast to its deleterious 

effect in adult mice. B. pertussis–infected IFNAR1 KO infant mice died at the same time as 

WT mice (data not shown). At 7 dpi IFNAR1-SA infant mice had significantly lower levels 

of leukocytosis than WT infant mice (Fig. 8B), correlating with the reduced lethality in this 

group. IFNAR1-SA infant mice had similar bacterial loads in the lungs, liver, and spleen as 

WT mice, although the majority of IFNAR1-SA infant mice had no detectable bacteria in the 

blood, in contrast to the high levels in WT mice (Supplemental Fig. 3A). Inflammatory 

cytokine gene expression was generally lower in the lungs of infected IFNAR1-SA infant 

mice than in those of WT infant mice, although there was no difference in IL-6 expression 

(Supplemental Fig. 3B–D). Together, these data indicate that type I IFN signaling mediates 

overall protective effects against B. pertussis infection in infant mice and that a possible 

contributor to the susceptibility of infant mice to lethal pertussis is the lack of type I and III 

IFN gene upregulation in response to infection in these mice.

Discussion

In this study, we analyzed the transcriptome of adult mouse lung responses to B. pertussis 
infection and identified IFNAR1 and IFNLR1 as receptors involved in responses to this 

infection. We showed that type I and III IFNs are produced in mouse lungs in response to B. 
pertussis infection, but that upregulation of these responses is delayed, initiating several days 

into the infection. In addition, type I and III IFN levels and signaling correlate with 

increased proinflammatory cytokine levels and with increased lung inflammatory pathology. 

In contrast, in infant mice, upregulation of type I and III IFN expression in lungs was not 

observed in response to B. pertussis infection, and increased type I IFN signaling was 

protective for these mice against lethal infection.

Our results from transcriptomic analysis of lung responses to B. pertussis infection at 4 dpi 

identified gene expression responses that were dominated by acute phase proinflammatory 

and antibacterial functions as observed in other such studies (54, 55). However, we were 

surprised to identify IFNAR1 and IFNLR1 as highly significant upstream activators of these 

responses. There have been very few reports of the involvement of type I IFN (and none of 
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type III IFN) in responses to B. pertussis infection. In one study, IFN-α–producing lung 

plasmacytoid dendritic cells were found to suppress Th17 cell differentiation during early B. 
pertussis infection in adult mice (26), indicating a possible role for type I IFNs in shaping 

host immune responses to this infection. We found that B. pertussis infection in adult mice 

induced type I and III IFN gene upregulation in the lungs but that the initiation of these 

responses was significantly delayed, starting after 4 dpi, in comparison with typical early 

type I and III IFN responses in viral infections (56) (we found no upregulation of type I and 

III IFN genes at 1–3 dpi; data not shown). The mechanism of induction of this delayed 

response is unknown, but we speculate that initiation of inflammatory pathology in the lungs 

may provide a source of molecules that induce these responses. One possible inducer is 

unmethylated CpG DNA, the detection of which by TLR9 in endosomes is a major pathway 

for induction of type I IFN expression (57). In contrast to CpG-rich bacterial DNA, 

mammalian DNA has few unmethylated CpG sequences, although they are enriched in so-

called CpG islands, particularly associated with gene promoters (58). Although mammalian 

DNA released after tissue damage during infection does not easily gain access to 

endosomes, studies have shown that mammalian self-DNA can be delivered to endosomes 

and trigger type I IFN production by complexing with antimicrobial peptides such as LL37 

or β-defensins (59, 60). Therefore, the delay in upregulation of type I and III responses may 

correspond with pathology-induced release of host DNA in the inflammatory environment of 

the lungs, although we cannot rule out a contribution from bacterial DNA. Our studies 

indicate the presence of significant levels of free DNA in the lungs of B. pertussis–infected 

adult mice and a possible contribution of TLR9 to lung inflammation in this model (J. 

Ardanuy, A. Migneault, and N. Carbonetti, unpublished observations). Further investigation 

will be needed to establish this pathway as an inducer of type I and III IFN responses during 

B. pertussis infection.

Type I IFNs have diverse effects on different bacterial infections in experimental models, 

being protective for some but detrimental for others (19). Our study shows that type I IFN 

responses have no effect on bacterial loads in the lung but promote lung inflammatory 

pathology in adult mice, putting B. pertussis infection in the category for which type I IFN 

responses are detrimental. This conclusion is supported by our results from both IFNAR1-

SA mice, in which increased type I IFN signaling correlated with increased lung 

inflammatory pathology, and various mutant mouse strains deficient in one or another aspect 

of type I IFN signaling, in which lower levels of lung inflammatory pathology were 

observed. For the latter, it is interesting that STAT1-deficient mice had the lowest levels of 

pathology because STAT1 is a transcription factor common to type I, II, and III IFN 

signaling (although STAT1 also mediates signaling through other receptors). This suggests 

that all three IFNs may contribute to lung inflammatory pathology, including IFN-γ, which 

is highly upregulated in the lungs of infected WT adult mice, further upregulated in infected 

IFNAR1-SA adult mice, and which may account for some of the remaining pathology in the 

IFNR KO mice.

Surprisingly, the one KO mouse strain in which no reduction in lung inflammatory 

pathology was observed was the IFNAR1 KO mouse, but this is due to the increased 

expression of type III IFN in response to B. pertussis infection in these mice. This is 

supported by our findings that inhibition of type III IFN signaling in these mice significantly 
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reduced lung inflammatory pathology and also by the IFNLR KO and IFNAR1/IFNLR1 

double KO mouse experiments in which lower levels of lung pathology were observed. This 

indicates that there may be redundancy and overlap of type I and III IFN responses in terms 

of downstream signaling leading to inflammatory pathology. Consistent with this, we found 

that type III IFN gene upregulation in response to B. pertussis infection in adult mice had an 

identical temporal profile to that of type I IFN. Although type I and III IFNs signal through 

the same intracellular pathways, differential cellular expression of their receptors is thought 

to mediate different outcomes of their signaling (56). Interestingly, for influenza virus 

infection, type III IFN plays a predominantly anti-inflammatory role in the lungs (61), in 

contrast to its apparent proinflammatory effect in our model. In addition, our observation 

that loss of type I IFN signaling led to increased type III IFN gene expression, whereas loss 

of type III IFN signaling abrogated type I (and III) IFN gene upregulation in B. pertussis–

infected adult mice indicates a complex regulatory interplay between the two IFNs in this 

infection. These data suggest that type III IFN signaling is required for type I IFN induction 

and that type I IFN signaling inhibits type III IFN expression. In a fungal infection model, 

type I IFNs were found to prime optimal expression of type III IFNs (62), but the opposite 

appears to be the case in our model. Further investigation of this cross-regulation and the 

responses downstream of type I and III IFN signaling, including roles of various ISGs that 

are upregulated, will be necessary to elucidate specific mechanisms leading to their 

upregulated expression and to their exacerbation of lung inflammatory pathology during B. 
pertussis infection.

Our results indicating the protective effects of type I IFN signaling in B. pertussis–infected 

infant mice are in stark contrast to the deleterious effects in adult mice and demonstrate age 

dependence in outcome of these responses. The lack of upregulation of type I and III IFN 

genes in response to B. pertussis infection in infant mice may contribute to their increased 

susceptibility to lethal infection (and likely accounts for the observation that IFNAR1 KO 

infant mice show no difference from WT mice in time to death). Our finding that IFNAR1-

SA infant mice are relatively resistant to lethal infection and have reduced levels of 

pathogenic outcomes is consistent with this idea. IFN-α administration was shown to protect 

infant mice against respiratory syncytial virus infection and overcome age-related 

differences in IgA production in response to the infection (63). In another study, age-

dependent effects of type I IFNs were demonstrated by the observation that type I IFNs 

protected infant mice treated with TLR ligands from lethal inflammatory responses, whereas 

they enhanced the same inflammatory response in adult mice (64). In addition, several 

studies with human cord blood versus adult cells indicate a deficiency in type I IFN 

responses to infection or TLR agonists in the infant cells (65–67), consistent with the lack of 

responses we observed in our infected infant mice.

The implications of these findings are very interesting because these identified pathways 

could potentially be targeted postexposure to B. pertussis in combination with antibiotic 

therapy, either to reduce symptoms and severity of disease in adults or to enhance protection 

from severe disease in infants. Because type I and III IFN responses to B. pertussis infection 

serve no apparent antibacterial role, evidenced by the lack of effects on bacterial loads in the 

lungs in the various mouse strains, they may be valid targets for therapeutic intervention to 

reduce respiratory pathology in typical pertussis. We have previously shown that treatment 
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of B. pertussis–infected adult mice with S1P receptor–targeting drugs significantly reduces 

lung inflammatory pathology (11, 12) and that a proposed anti-inflammatory mechanism of 

these drugs involves internalization and degradation of surface expressed IFNAR1 (52). We 

previously found that one of these drugs, AAL-R, abrogates type I IFN gene upregulation in 

a human monocyte cell line exposed to B. pertussis (11), and our present study, showing a 

lack of anti-inflammatory effect of AAL-R treatment in B. pertussis–infected IFNAR1-SA 

mice, is also consistent with the proposed role of S1P receptor–targeting drugs in 

downregulating type I IFN responses. Therefore, these and other drugs that target type I and 

III IFN responses may prove beneficial in treatment of individuals suffering from pertussis. 

In the bigger picture, this approach can potentially be applied to other bacterial infections in 

which type I IFN signaling is either detrimental or beneficial to provide therapy additional to 

antibiotic treatment.
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FIGURE 1. 
Lung transcriptional response to B. pertussis infection in adult C57BL/6 mice. Mice (n = 4 

per group) were euthanized on day 4 postinoculation with B. pertussis or PBS sham 

inoculum, and RNA was isolated from the lungs. RNA-seq and IPA revealed (A) total 

number and direction of differentially expressed genes, (B) top 10 most upregulated genes, 

(C) top canonical pathways represented by the differentially expressed genes, and (D) 

predicted upstream regulators of responses, ranked by significance (left) or z-score (right).
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FIGURE 2. 
Type I IFN production induced in response to B. pertussis infection in adult mice. Mice (n ≥ 

4 per group) were euthanized on the indicated dpi (x-axis) with B. pertussis or PBS sham 

inoculum, and lungs were dissected for assessment of (A) bacterial burdens by plating for 

viable counts, (B and C) mRNA levels of IFN-α and IFN-β by quantitative RT-PCR, or (D 
and E) IFN-α and IFN-β protein levels by ELISA. Data are representative of at least two 

independent experiments. *p < 0.05, ***p < 0.001 by the Student t test and two-way 

ANOVA.
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FIGURE 3. 
Increased IFNAR1 signaling leads to exacerbated lung inflammation in B. pertussis–infected 

adult mice. C57BL/6 or IFNAR-SA mice (n ≥ 4 per group) were euthanized on day 7 

postinoculation with B. pertussis or PBS sham inoculum, and lungs were dissected for 

assessment of outcomes. (A) Bacterial burdens. (B) Representative H&E-stained 

inflammatory pathology images (original magnification 340) of uninfected and infected 

C57BL/6 and infected IFNAR1-SA mouse lung sections. (C) Inflammatory pathology 

scores assessed from lung histology sections. (D) Fold induction (infected versus sham 

inoculated) of IL-6, TNF-α, IL-1β, IFN-γ, and MX1 mRNA levels. (E) Infected C57BL/6 

(BL6) or IFNAR1-SA (SA) mice (n ≥ 6 per group) were treated with AAL-R (+A) or PBS 

intranasally 24 h postinoculation and euthanized on day 7 postinoculation for assessment of 

lung inflammatory pathology scores. Data are representative of at least two independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by the Student t test and two-way 

ANOVA.
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FIGURE 4. 
Impaired type I IFN signaling leads to a reduction in lung inflammation in adult mice. 

C57BL/6, IFN-β KO, STAT1 KO, and STAT2 KO mice (n ≥ 4 per group) were euthanized 

on day 7 postinoculation with B. pertussis or PBS sham inoculum, and lungs were dissected 

for assessment of outcomes. (A) Bacterial burdens. (B) Inflammatory pathology scores 

assessed from lung histology sections. Data are representative of at least two independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA.
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FIGURE 5. 
IFNAR1 KO mice show no significant difference in lung inflammatory pathology from WT 

mice, a role for type III IFNs. C57BL/6 and IFNAR1 KO mice (n ≥ 4 per group) were 

euthanized on day 7 or day 10 postinoculation with B. pertussis and lungs were dissected for 

assessment of (A) bacterial burdens, and (B) inflammatory pathology scores assessed from 

lung histology sections. (C) C57BL/6, IFN-β KO, STAT1 KO, STAT2 KO, and IFNAR1 KO 

mice (n ≥ 4 per group) were euthanized on day 7 postinoculation with B. pertussis or PBS 

sham inoculum, and lungs were dissected for assessment of fold induction (infected versus 

sham inoculated) of IFN-λ mRNA levels. (D–F) B. pertussis–infected C57BL/6 and 

IFNAR1 KO mice (n ≥ 4 per group) were treated on 0, 2, and 4 dpi with a neutralizing anti–

IFN-λ Ab and a viral protein, Y136, previously shown to inhibit IFN-λ signaling (treated). 

Control-infected mice were treated with an equivalent isotype Ab and BSA. Lung bacterial 

burdens (D), inflammatory pathology (E), and IFN-λ mRNA levels (F) were assayed at 7 

dpi. Data are representative of at least two independent experiments. *p < 0.05, **p < 0.01, 

***p < 0.001 by two-way ANOVA.
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FIGURE 6. 
Type III IFN is upregulated in response to B. pertussis infection and contributes to lung 

inflammation in adult mice. (A and B) C57BL/6 mice (n ≥ 4 per group) were euthanized on 

the indicated dpi (x-axis) with B. pertussis or PBS sham inoculum, and lungs were dissected 

for assessment of (A) fold induction (infected versus sham inoculated) of IFN-λ mRNA 

levels and (B) IFN-λ protein levels. (C and D) C57BL/6, IFNLR1 KO, or IFNAR1/IFNLR1 

double KO mice were euthanized on day 7 postinoculation with B. pertussis, and lungs were 

dissected for assessment of (C) bacterial burdens and (D) inflammatory pathology. (E–H) 

Fold induction (infected versus sham inoculated) of mRNA levels of the indicated IFN genes 

at day 7 postinoculation with B. pertussis or PBS sham inoculum in adult C57BL/6, IFNLR1 

KO, or IFNAR1/IFNLR1 double KO mice (n ≥ 4 per group). Data are representative of at 

least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student t test and 

two-way ANOVA.
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FIGURE 7. 
Type I and III IFNs are not upregulated by B. pertussis infection in infant WT mice. (A and 

B) Infant C57BL/6 mice (n ≥ 4 per group) were euthanized on the indicated dpi (x-axis) with 

B. pertussis or PBS sham inoculum, and lungs were dissected for assessment of fold 

induction (infected versus sham inoculated) of (A) IFN-α and (B) IFN-λ mRNA levels. (C–
E) Infant C57BL/6 and IFNAR1-SA mice (n ≥ 6 per group) were euthanized on day 7 

postinoculation with B. pertussis or PBS sham inoculum, and lungs were dissected for 

assessment of fold induction (infected versus sham inoculated) of the ISGs (C) ISG15 and 

(D) MX1 or (E) IFN-g mRNA levels. Data are representative of at least two independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student t test.
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FIGURE 8. 
Increased IFNAR signaling is protective against lethal B. pertussis infection in infant mice. 

(A) Time course of survival of infant C57BL/6 and IFNAR1-SA mice after inoculation with 

B. pertussis. (B) Increase in WBC counts in blood of infant C57BL/6 and IFNAR1-SA mice 

7 dpi with B. pertussis. Data are representative of at least two independent experiments. **p 
< 0.01, Student t test or log-rank (Mantel–Cox) test (for survival curves).
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