
Dane Parker    Editor 

Bacterial 
Activation 
of Type I 
Interferons



  Bacterial Activation of Type I Interferons 



     



       Dane   Parker     
 Editor 

 Bacterial Activation 
of Type I Interferons                     



 ISBN 978-3-319-09497-7      ISBN 978-3-319-09498-4 (eBook) 
 DOI 10.1007/978-3-319-09498-4 
 Springer Cham Heidelberg New York Dordrecht London 

 Library of Congress Control Number: 2014950634 

 © Springer International Publishing Switzerland   2014 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection 
with reviews or scholarly analysis or material supplied specifi cally for the purpose of being entered and 
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this 
publication or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s 
location, in its current version, and permission for use must always be obtained from Springer. 
Permissions for use may be obtained through RightsLink at the Copyright Clearance Center. Violations 
are liable to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for 
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with 
respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

 Editor 
   Dane   Parker   
  Columbia University 
  New York ,  NY ,  USA   

www.springer.com


v

  Pref ace   

 Type I interferon (IFN) signaling has long been recognized as a critical component 
of innate immune defense to viral pathogens. It is now established that bacteria too 
are able to activate this pathway. Typically bacteria activate type I IFN signaling 
through TLR-dependent mechanisms, through recognition of LPS in Gram negative 
organisms or via TLRs and cytosolic receptors that respond to nucleic acids and 
messaging molecules that are either endocytosed or secreted directly into the 
eukaryotic cells. The consequences of type I IFN signaling on host outcome can be 
either protective or damaging, depending on the organism. 

 The signaling behind the type I interferons is a rapidly progressing fi eld. Initial 
activation of type I IFNs was limited to the innate receptors that had been identifi ed 
such as LPS via TLR4 or nucleic acids through TLR3 and TLR9. Recent work has 
uncovered    several cytosolic receptors that are able to recognize different microbial 
products, such as nucleic acids, cell wall components, and signaling molecules. 
In many cases these different receptors ultimately converge on shared adapter 
p roteins, kinases, or transcription factors that lead to the production of type I IFNs. 
The activation of type I IFNs through their cognate receptors and JAK/STAT signal-
ing leads to the production of hundreds of gene products that are likely unique to 
each pathogen. 

 The activation of type I IFNs differs between each microbial pathogen and also 
within some species. In many cases activation of the pathway is a passive process, 
whereby cell wall components such as LPS or peptidoglycan are exposed to recep-
tors or nucleic acids are sensed during cellular destruction. Bacteria also activate 
type I IFNs by actively assaulting host cells. In these instances toxins or bacterial 
secretion machinery is designed to lyse or inject effector proteins that alter host 
machinery allowing microbial patterns to be sensed. 

 The consequence of this activation also varies by organism. In  Legionella pneu-
mophila  type I IFNs play a positive role, restricting replication of bacteria inside 
macrophages. This is also the case for some  Chlamydia  species; however, in vivo 
results have shown the opposite result with reduced bacterial burden in mice unable 
to respond to type I IFNs. Type I IFNs are detrimental    in the context of chronic 
 M. tuberculosis  infection, while type I IFNs appear to play a negative role in response 
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to several bacteria including streptococci,  Salmonella , and  Staphylococcus aureus . 
In the case of  S. aureus , different strains signal the production of type I IFNs through 
different receptors. The activation of similar and divergent pathways within the 
same species as well as other different species of bacteria makes for interesting 
comparisons. This book provides an overview of how type I IFNs are activated and 
the role they play in several important bacterial pathogens, highlighting how the 
immune response can infl uence the outcome to infection.  

  New York, NY     Dane     Parker    

Preface
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      Production and Action of Type I Interferons 
in Host Defense 

             Paul     J.     Hertzog    

           Introduction 

    The interferons (IFNs) are a family of cytokines that function in the host response 
to environmental stress [ 1 ]. The evolution of the IFN response has adapted to per-
form a wide range of physiological and pathological functions. The IFNs are classi-
fi ed into three types distinguished by amino acid similarity; cognate receptors, 
through which they signal; and to a lesser extent, the production stimulus and cell. 
Type I IFNs are a multi-gene family composed of 13 IFNα subtypes, a single IFNβ, 
IFNε and IFNω, and other species-specifi c members, produced by most cell types 
and acting via IFNAR 1 and 2 receptors [ 2 ]. Type II IFN has a single member, IFNγ, 
produced mainly by activated NK and T cells and signaling via IFNGR1 and 2 
receptors [ 3 ]. Type III or IFNλ has two members, produced by many cell types 
stimulated by pathogens and acting via IFNL1 and IL10Rβ receptors [ 4 ]. This 
review will focus on type I IFNs, setting the scene for their role in host defence 
against bacterial infections. IFNs have multiple effects on cells, which include ren-
dering them resistant to viral infection, modulating proliferation, differentiation, 
survival and migration, as well as other specialized functions [ 5 ]. Thus, IFNs can 
regulate the development and activation of most effector cells of the innate and 
adaptive immune response. Type I IFNs signal via the JAK/STAT signaling pathway 
to regulate the expression of genes that encode the effector proteins of the response 
including antiviral and antibacterial effectors. Their broad effects on a range of tar-
get cells   , necessitates a fi ne balance in the IFN response to ensure protection of the 
host against insult and a return to homeostasis, but avoid potential toxicity or chronic 
disease. Excessive IFN production contributes to acute septic shock in animal 
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models, and long-term deregulation of type I IFN signaling contributes to the patho-
genesis of autoimmune diseases such as systemic lupus erythematosus. 
Understanding the regulation of type I IFN production and the actions of this family 
of proteins on cells is necessary to gain insights into their role in the pathogenesis 
of bacterial infections. In some cases, particularly with extracellular pathogens, 
IFNs are protective, whereas they increase susceptibility to intracellular 
pathogens.  

    Production of Type I IFNs 

 The production of type I IFNs was fi rst described in response to viral infection and 
remains best characterized in response to these pathogens [ 6 – 8 ]. Nevertheless, it is 
increasingly evident that type I IFN production is activated by a wide variety of 
stimuli, including bacteria [ 9 ], physiological stimuli [ 10 ,  11 ] and cancer cells [ 12 , 
 13 ]. The deluge in information characterizing the pattern recognition receptors 
(PRRs) that sense “danger” signals has provided considerable explanation of the 
mechanism whereby type I IFNs are produced [ 14 – 16 ]. Once PRRs bind ligand, 
they engage intracellular signaling molecules, often specifi c for the PRR family 
involved, and then activate kinases that in turn activate a restricted range of tran-
scription factors such as NFκB and the interferon regulatory factors (IRFs) that 
stimulate the induction of pro-infl ammatory cytokines and type I IFNs, respectively. 
The IRFs are a nine-member family of latent transcription factors involved in type I 
IFN production (IRF1, 3, 5, 7) and signaling (IRF9), among other functions [ 17 ]. As 
discussed in detail below, IRF3 is activated by many PRRs to induce IFNβ gene 
expression (in conjunction with NFκB and AP1) but not the expression of IFNαs. 
On the other hand, IRF7 is also activated by many PRRs, but can activate expression 
of IFNβ and IFNα subtypes. In addition, IRF5 and IRF1 appear more restricted in 
their upstream activation pathways and these also activate IFNα gene expression. 

  TLRs  1, 2, 4, and 6 are cell surface PRRs that sense cell surface or secreted 
ligands, or pathogen-associated molecular patterns (PAMPs). The TLR4 signaling 
pathway activated by Gram negative bacterial lipopolysaccharide (LPS) in complex 
with MD2 and LBP is the best characterized and prototypic PRR signaling pathway. 
Ligand activated TLR4 engages four TIR domain-containing adaptor molecules: 
MyD88 and Mal, which activate the NFκB pathway, and TRAM and TRIF, which 
activate the IRF3 previously phosphorylated upstream by TBK and IKKε [ 14 – 16 ]. 
This pathway, in conjunction with NFκB, activates expression of IFNβ specifi cally, 
since this is the only type I IFN with neighboring IRF3 and NFκB binding elements 
in its promoter.  Escherichia coli  and  Salmonella  are strong    activators of TLR4, 
whereas other bacteria such as  Helicobacter pylori  produce LPS that only weakly 
stimulates TLR4, which may explain their relative virulence [ 9 ]. 

 TLR2 usually acts as a heterodimer with TLR1 or TLR6 and recognizes different 
peptidoglycans to activate the NFκB pathway driven pro-infl ammatory cytokines 
via MyD88 and Mal. This signaling pathway is not usually associated with  activation 
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of IRFs and IFN production. However, exceptions have been reported [ 18 ],  including 
a study involving the commensal  Lactobacillus  [ 19 ], but the details of the pathways 
remain to be fully elucidated. 

 TLRs 3, 7, 8, and 9 are endosomal sensors of nucleic acids including dsRNA 
(TLR3), ssRNA (TLR7/8) and bacterial CpG DNA (TLR9). TLR3 is the only fam-
ily member that does not utilize MyD88, but signals via TRIF. These endosomal 
TLRs recruit adaptors and activate TBK and/or IKKε, which in turn activate IRF7 
and 3 to drive the induction of IFNαs and IFNβ [ 16 ]. TLR9 senses  Staphylococcus 
aureus  and activates IFN production via IRF1 [ 20 ]. Group A and B  streptococci  are 
recognized by TLR7 and activate IFNs via IRF1 [ 21 ]. 

 The RIG I-like family of receptors ( RLRs ) including RIG-I, MDA5 and LGP2 
were originally identifi ed as cytosolic sensors of viral 5′-triphosphorylated RNA 
[ 22 ]. Once activated, they are recruited to mitochondria or associated membranes, 
bind adaptors MAVS/IPS and subsequently activate TBK/IKKε, which phosphory-
late IRFs, which themselves translocate to the nucleus and induce expression of 
IFNα and IFNβ genes [ 23 ,  24 ]. 

  STING  was discovered as a molecule that mediated the induction of IFNβ in 
response to cytosolic DNA from pathogens or necrotic cells [ 25 ]. Subsequent stud-
ies cast doubt on whether the endoplasmic reticulum-localized STING directly 
bound DNA (reviewed in [ 26 ]). It was found that STING was the receptor for cyclic 
di-nucleotides such as c-di AMP or c-di GMP which act as PAMPs, for example in 
macrophages infected with  Listeria monocytogenes , after listerolysin O-mediated 
(LLO) their release from vacuoles, possibly via DDX41 [ 27 – 29 ]. Another STING 
activating PAMP is cGMP-AMP generated by the IFN-inducible enzyme cGAS, 
which is important in sensing cytosolic DNA and initiating the innate immune 
response to pathogens. DNA from  Chlamydia muridarum  [ 30 ],  Myocbacterium 
tuberculosis  [ 31 ] and  Legionella pneumophilia  [ 32 ] have also been shown to acti-
vate STING and induce IFNβ expression. 

    Cytosolic Sensors 

  DAI  was the fi rst reported cytosolic sensor of DNA from viruses or bacteria, induc-
ing IFN via TBK and IRF3 [ 33 ]. DAI senses  Streptococcus pneumoniae  [ 34 ]. 
Another study showed that  DNA-dependent RNA polymerase III  converts cyto-
solic DNA into RNAs that act as PAMPs to activate RIG-I [ 35 ]. DNA released into 
the cytosol during infection with  Francisella tularensis  is sensed by the  AIM2  
infl ammasome which in turn activates IRF3 and type I IFN production [ 36 ,  37 ].  
L. monocytogenes  also activates the AIM2 infl ammasome [ 38 ].  NOD 1 and 2  have 
been speculated to induce IFN production in response to sensing muramyl dipeptide 
(MDP) from organisms including  M. tuberculosis  [ 39 – 41 ]. 

 Thus, the various PRRs constitute a repertoire of sensors, strategically located 
through evolution, at different subcellular locations to ensure the detection of a 
pathogen component, be it outside the cell, in endosomes, free in the cytoplasm, 

Production and Action of Type I Interferons in Host Defense



4

associated with organelles or in the nucleus. The various PRR signal transduction 
pathways activate one of the IRFs (1, 3, 5, or 7) and occasionally NFκB, to bind 
promoter elements in type I IFN genes. To complement the upstream signaling path-
ways, the promoters of the 13 IFNα subtypes and IFNβ genes each contain a distinct 
number and arrangement of transcription factor binding sites to ensure that one or 
some of these essential cytokines are produced in response to infection with a broad 
range of pathogens—both viral and bacterial. This promoter diversity is also likely 
to be important in determining the IFN subtypes produced by different cell types. A 
thorough investigation of the many transcription factor binding sites in the promot-
ers of the various type I IFN genes is yet to be performed. However, type I IFNs are 
not only produced by haemopoietic cells as traditionally thought (originally called 
“leukocyte” IFN), and recent studies have brought attention to their production by 
epithelial cells as well [ 42 ,  43 ]. Depending on the expression of signaling mole-
cules, different cell types will differ in their pathways, the repertoire of type I IFNs 
and the amounts they produce. For example, plasmacytoid dendritic cells (DC) 
express high levels of constitutive IRF7 and therefore rapidly produce high levels of 
IFNα compared to other cells. Other cell types respond slower because signaling 
molecules like IRF7 have to be fi rst induced by IFN. 

 Two decades of studies in mice defi cient in Ifnar 1, through which all type I IFNs 
signal, have demonstrated the crucial role of this family of cytokines in sculpting 
the response to viral and bacterial infections [ 44 ,  45 ]. Consistent with this scenario, 
type I IFNs are never all produced, rarely singly (except IFNβ discussed below) and 
usually in subsets: for example, some IFNαs +/− IFNβ. 

 In addition to the mammalian cell components, properties of the pathogen also 
determine the nature of the type I IFN response. For viruses, whether they constitu-
tively harbor RNA or DNA, single or double stranded, determines the cellular PRR 
response. Pathogens also activate different PRRs depending on their cellular niche. 
For bacteria, whether they are intracellular or extracellular pathogens and the nature 
of virulence factors (such as pore-forming toxins) that might be necessary to 
“release” PAMPs to the responding cellular compartment, will determine the nature 
of the response.   

    Type I IFN Signaling:Receptors 

 All type I IFNs characterized to date transduce signals via interaction with the 
receptor components, IFNAR1 and IFNAR2. IFNAR2 is the high affi nity binding 
chain and can be differentially spliced to produce a “long” form which transduces 
signals (IFNAR2c); a truncated transmembrane isoform that contain little or no 
signaling capacity (IFNAR2b); and a soluble form (IFNAR2a). IFNAR2a and c 
isoforms are conserved between human and mouse, whereas IFN2b is specifi c to 
humans [ 46 – 48 ]. Studies in the murine model have demonstrated that in vitro, sol-
uble IFNAR2a has the capacity to either block signaling or facilitate signaling via a 
process called trans-signaling whereby soluble receptor binds ligand and presents it 
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to the signaling receptor chain [ 49 ]. This process can be a major form of signaling 
as for IL6, but remains to be determined for the type I IFNs. is [ 50 ]. In vivo studies 
have recently indicated that soluble IFNAR2a does not block responses to IFNβ 
[ 51 ]. The IFNAR 1 chain has been shown to have very low affi nity for binding type 
I IFNs (with one exception, discussed below), but combines with IFNAR2 to gener-
ate a high affi nity trimeric complex. IFNAR1 is essential for transducing signals for 
all type I IFNs characterized so far, as determined from numerous studies of IFNAR1 
defi cient mice. Both receptors appear to be expressed broadly making most cells 
responsive to IFN, but there have not been extensive studies on the surface expres-
sion of receptor components on individual cell types or at different stages of the host 
responses.  

    Type I IFN Signaling: Signal Transduction Pathways 

 Once ligand engages the receptors, the IFNAR1-associated TYK2 and the IFNAR2- 
associated JAK1 kinases are activated and phosphorylate receptor tyrosine residues 
[ 52 ,  53 ]. These form docking sites for signal transducers and activators of transcrip-
tion (STATs), which are themselves phosphorylated, dissociate from the receptors, 
dimerize and translocate to the nucleus via interaction with importins, and activate 
the transcription of IFN-regulated genes (IRGs) [ 54 ]. Studies have shown that the 
docking sites for STATs are in the IFNAR2 component of the receptor [ 52 ,  55 ,  56 ]. 
The canonical transcription factors of the type I IFN pathway is ISGF3 (composed 
of a STAT1:STAT2) and IRF9 (also called p48 or ISGF3γ because it is induced by 
IFNγ). Nevertheless, type I IFNs also activate STAT3, and dimers of STAT3:STAT3 
or STAT1:STAT3 can bind GAS sites (interferon-gamma activated sites) in IRGs 
(sometimes wrongly thought to be IFNγ-specifi c) [ 54 ]. Indeed, type I IFNs can 
activate all STATs (4, 5, and 6) depending on the cell type. Indeed in PBMCs, 
STAT5 is the main STAT activated [ 57 ,  58 ]. 

 There are other signaling pathways activated by type I IFNs. Indeed JAK kinases 
have other substrates [ 59 ] and also function to stabilize the IFNAR1 at the plasma 
membrane [ 60 ]. STAT independent signaling was reported for both type I and type 
II IFNs in STAT-defi cient cells using transcriptional profi ling [ 61 ], but the signaling 
pathways responsible were not pursued in those studies. Numerous “alternative” 
type I IFN signaling pathways have been described, including MAPK (p38 and 
ERK), NFκB and PI3K/AKT pathways [ 57 ,  62 ]. The best characterized of these is 
the p38 and Erk MAP kinase (MAPK) pathways, which modulate IRG mRNA 
translation via activation of Mnk kinases [ 63 ]. Activation of AKT/mTOR (mam-
malian target of rapamycin) signaling is also initiated by IFNs, impacting on trans-
lation of IRG mRNA [ 64 ,  65 ]. The relative contribution of these and other alternative 
IFN signaling pathways is likely to be cell and context dependent. For example, 
type I IFN signaling in T cells has been reported to utilize T cell receptor signaling 
molecules for antiproliferative activities [ 66 ].  
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    Type I IFN Signaling: Interferon Regulated Genes 

 There have been many studies documenting the nature of IRGs individually for past 
decades and more recently by transcriptional profi ling by microarrays. In an attempt 
to capture an overview of the response, we have catalogued available microarray 
datasets of IFN treated cells or organisms; the data is reanalyzed and annotated then 
placed in a searchable database called the Interferome (v 2.0   http://interferome.its.
monash.edu.au    ) [ 67 ,  68 ]. This represents a tool for identifying a gene as an IRG, or 
more importantly, for searching a dataset for IRGs. This collection has identifi ed 
more than 2,000 IRGs (more depending on the statistical cut-off applied) across 
species, IFNs, and tissue types. These genes encode the effector proteins that medi-
ate the different biological activities of the IFNs. The number of genes in any given 
condition is usually smaller, often hundreds, and there is considerable difference 
between different cells or tissues. There are overlaps between type I, II, and III regu-
lated genes and some apparently IFN type-specifi c genes, although comparisons are 
often diffi cult because of differences in experimental conditions [ 69 ]. Tools such as 
the Interferome are important in fi nding IRG “signatures” associated with disease 
that might represent modulation of a particular pathway. We have used Interferome 
and associated tools to identify an IFN signature activated in HIV infected dendritic 
cells (a gene set regulated by IRF1, despite HIV suppression of IFN production 
[ 70 ]) and another gene signature suppressed in breast cancer metastases (regulated 
by IRF7; [ 13 ]). Interestingly, an IFN signature has been characterized in latent 
 M. tuberculosis  infection that appears to correlate with disease pathogenesis and is 
consistent with studies in animal models showing a role for type I IFN signaling in 
susceptibility to this pathogen (reviewed in [ 71 ]). 

 The best characterized IRGs are those involved in protecting cells from viral 
infection; individual ones such as 2′–5′ oligoadenylate synthetase, PKR and Mx 
proteins, having been well characterized for many years [ 72 ]. Recently, elegant, 
comprehensive screening studies of 350 IFN inducible genes have highlighted new 
IRGs with direct antiviral activities [ 72 ]. The studies may inform similar rationales 
for characterizing the effector functions (anti-bacterial, immunoregulatory) of the 
many other IRGs. In broad terms the broad repertoire of antiviral IRGs has the abil-
ity to restrict different stages of the viral life cycle and different types of viruses, 
providing broad protection against infection.  

    Type I Interferon Regulated Antibacterial Responses 

 Unlike the antiviral effects of type I IFNs, the effects of IFN on bacterial infections 
are relatively poorly characterized. In general, type I IFNs are protective against 
extracellular bacterial infections, yet exacerbate infections with intracellular bacte-
ria. This is at least in part due to the differences in organ and cell specifi city, the 
direct effects of IFNs, the impact on cell survival and indirect actions via regulation 
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of the innate and adaptive immune responses [ 43 ,  73 ,  74 ]. Examples of direct acting 
antibacterial IRGs include iNOS, NADPH oxidase, nox-2 [ 73 ,  75 ]; TRAIL [ 76 ]; 
and phospholipidscramblase 1 (PLSCR1) [ 77 ]; GTPases [ 78 ].  

    Type I Interferon Regulated Immune Responses 

 There are many different IRGs, intrinsic or extrinsic to immune cells that can affect 
the traffi cking, development, differentiation, survival, and activity of most innate 
and adaptive immune cells in response to infections, cancer, and infl ammatory dis-
eases (reviewed in [ 74 ,  79 ]). Particular cells and responses have been documented 
to be important in the response to bacterial infections. TNFα and IFNγ up- regulation 
by type I IFNs increases protection from  S. pneumoniae  infection [ 21 ]. Repression 
of type I IFN induced chemokines CXCL10 and CCL5 reduces cells neutrophil 
infi ltration and impairs clearance of  Pseudomonas aeruginosa  from infected lungs 
[ 80 ,  81 ]. By contrast, type I IFNs suppress the production of other chemokines such 
as CCL2, CXCL4 and CXCL9, which recruit monocyte/macrophage and neutro-
phils [ 75 ] leading to exacerbation of infection by  C. muridarum.  Other IRGs include 
cytokines that activate or repress immune responses including IL10 [ 82 ], IL27, and 
IL17 [ 83 ] and FOXP3 which is important in Treg function [ 74 ]. Another IFN 
induced effect that is important in regulating responses to bacterial infection is the 
induction of apoptosis in infi ltrating cells [ 84 ]. It is well known that IFNs can regu-
late the expression of different cell death pathways including bcl-2 and bcl-X [ 85 ] 
and caspase 11 [ 86 ] and that IFNs play a role in mediating necroptosis of  Salmonella 
typhimurium  infected macrophages [ 87 ].  

    Cross-Talk, Feedback, and Feed Forward 

 There have been numerous publications about cross-talk of type I IFNs with other 
systems. In general terms, many of the receptors and signaling components of other 
signaling systems are, in fact, IRGs and the positive or negative regulation of these 
factors underlie the basis of cross-talk [ 88 ]. These include other cytokines (reviewed 
in [ 5 ]) likely due to priming of STAT levels [ 89 ], TLRs and RLRs [ 5 ], and the 
infl ammasome [ 90 ,  91 ]. Indeed, we and others have demonstrated that type I IFNs 
prime the basal levels of hundreds of IRGs, many of which play central roles in 
signaling by other systems [ 42 ,  92 ]. Important among these are negative regulators 
such as SOCS1, which are not only rapidly and strongly IFN inducible but play 
important roles in dampening responses to type I and type II IFNs, other cytokines 
and TLRs [ 93 – 95 ]. Indeed neonatal mice defi cient in SOCS 1 die from multi-organ 
infl ammation in the absence of SOCS1 suppression of type I [ 94 ] and type II IFN 
signaling [ 93 ].  

Production and Action of Type I Interferons in Host Defense



8

    Special Case Study of IFNβ 

 As discussed above, IFNβ is different from other type I IFNs in being the only one 
induced by LPS, thus playing a central role in response to bacteria [ 92 ,  96 ]. In addi-
tion, the promoter of IFNβ is unusual in having AP1 sites that can be activated by 
the fos/jun and MAP kinase pathway. This pathway is activated during macrophage 
development in response to M-CSF and in osteoclast development in response to 
RANK Ligand [ 11 ]. The inhibitory effect of on IFNβ on the proliferation of these 
myeloid cells may be important in the regulation of pathogen responses. In addition 
to selective production of IFNβ relative to other type I IFNs, it has a higher binding 
affi nity to receptors and is more potent than the members of the IFNα family in anti- 
proliferative assays on certain cell types. It is a singularly effective therapeutically 
in multiple sclerosis [ 97 ]. However, until recently, there has been no mechanistic 
explanation for differential activities of IFNb relative to other type I IFNs.. 

 De Weerd et al. [ 97 ] demonstrated that IFNβ but not IFNα formed a complex 
with IFNAR1 in the absence of IFNAR2. Crystallization of the IFNβ:IFNAR1 com-
plex showed extensive contacts of this IFN with the receptor over a much larger 
surface area in that crystal structure than any potential IFNα:IFNAR1 [ 98 ]. Further 
studies of  Ifnar2  null cells showed that while the binding of IFNβ to IFNAR1 did 
not induce canonical STAT signaling as expected, there were signals transduced. 
Approximately 230 genes were induced by this novel IFNβ:IFNAR1 signaling axis 
by an uncharacterized pathway. Induced genes included several such as TREM1, 
TREML4, TGM2, and CCL2, which had known roles in the response to sepsis. 
Using an in vivo murine model of LPS-induced septic shock, it was demonstrated 
that this unique IFNβ:IFNAR1 signaling axis was important in mediating the previ-
ously described IFN-mediated toxicity. 

 Specifi cally, this study shows molecular mechanisms whereby IFNβ can trans-
duce specifi c signals with pathophysiological importance. In general terms it opens 
the door for discovering previously elusive selective actions of other type I IFNs by 
differential interaction with IFNAR1 and IFNAR2. Similarly, cells may regulate the 
response to type I IFNs by differential regulation of the cell surface expression of 
IFNAR1 and IFNAR2.  

    Special Case Study of IFNε 

 Recently, the function of a specialized type I IFN was reported. IFNε was characterized 
as a type I IFN based on sequence homology, the location of the gene in the type I 
IFN gene locus on human chromosome 9p (and syntenic murine chromosome 16) 
and its signaling through IFNAR1 and IFNAR2 [ 42 ,  99 ]. Recombinant IFNe protein 
induced “classical” IRGs like other type I IFNs and this signaling was abrogated in 
cells from  Ifnar1  or  Ifnar2  defi cient mice [ 42 ]. However, the expression patterns 
and regulation of this gene showed unique features. Unlike other type I IFNs, it was 
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not pathogen inducible and was constitutively expressed. This constitutive 
 expression was most notable in the female reproductive tract (FRT). Also unlike 
other type I IFNs, its expression was regulated by hormones: stimulated by estrogen 
and repressed by progesterone. Accordingly, its expression fl uctuated during the 
female cycle, was dramatically reduced at the time of embryo implantation in the 
mouse, and was reduced to virtually undetectable in post-menopausal women, when 
estrogen levels decline. The in vivo functional importance of IFNε was determined 
in IFNε-defi cient mice. These mice were more susceptible to viral infection with 
HSV and bacterial infection with  C. muridarum.  The constitutive production of 
IFNε in the epithelial cells of the endometrium maintained the basal expression of 
many IRGs including those involved in pathogen defense (Mx, ISG 15, IRGM1) 
and PRR sensing and primary signaling (IRF7). This priming of the innate immune 
response by constitutive IFNε ensures protection of the FRT mucosa from early 
stages of viral and bacterial infection. Furthermore, the absence of IFNε also 
restricted bacterial clearance, consistent with the continued production of this pro-
tective cytokine before and throughout the course of infection since this pathogen 
did not modulate IFNε expression in vivo. The levels of NK cells, which have been 
shown to aid clearance of pathogen, correlated with the levels of IFNε: administra-
tion of recombinant mu IFNε to IFNε-null mice restored the depleted levels of NK 
cells and decreased the number of bacteria recovered 3 days post infection. 
Interestingly, IFNε is the only type I IFN that protects the FRT from  Chlamydia  
infection . Ifnar1  defi cient mice show less severe disease; indicating the exacerba-
tion of disease by production of (presumably conventional, α/β) type I IFNs; shown 
by adoptive transfer experiments to be acting on CD8 T cells driving disease patho-
genesis [ 75 ]. This is similar to infections with other intracellular bacteria such as 
 L. monocytogenes ,  F. tularensis ,  M. tuberculosis , in which disease pathology is 
exacerbated by type I IFNs (refer above). 

 Thus, the actions of IFNε in protecting the FRT highlight several general prin-
ciples that might be applicable to IFN anti-pathogen strategies in general: (1) it is a 
direct example of how regulating expression in a particular way can achieve specifi c 
and functional protection; (2) it shows a specifi c adaptation of the innate immune 
response to suit organ-specifi c requirements of host defense; and (3) it shows how 
compartmentalization of an IFN response can achieve opposite outcomes— 
epithelial production of IFNε is protective, whereas mucosal production of conven-
tional IFNs exacerbates disease through their action on immune cells.  

    Concluding Remarks 

 The type I IFNs have pleiotropic effects on host defense due to their ability to regu-
late the parenchymal cells under attack by infectious agents or the innate and adap-
tive immune cells that traffi c to and from the site of infection. While we have made 
considerable advances in understanding mechanisms of signal transduction via the 
IFNARs, JAK/STAT and other signal transduction pathways, we are only just 

Production and Action of Type I Interferons in Host Defense



10

beginning to understand the cell context and temporal specifi cities of type I IFN 
signaling and responses. This is manifest in the different transcription profi les 
identifi ed in different cell types responding to IFNs, which represents only a part of 
the available repertoire of IRGs that encode the effector molecules. Understanding 
and harnessing the specifi city of the response will make inroads into understanding 
and dealing with the current and emerging threats posed by bacteria and other 
pathogens.     
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           Introduction 

  Listeria monocytogenes  is a Gram-positive, facultative intracellular bacterium that 
causes foodborne illnesses in animals and humans.  L. monocytogenes  is the caus-
ative agent of listeriosis, a life-threatening systemic infection that primarily affects 
aged or immune compromised individuals and pregnant women. Clinical features of 
 L. monocytogenes  infection range in severity from gastroenteritis to septicemia and 
meningitis. When infecting pregnant individuals,  L. monocytogenes  also causes 
abortions, still births, and neonatal meningitis. The incidence of listeriosis is low, 
but the mortality rate is high. Hence,  L. monocytogenes  remains a leading cause of 
death from foodborne illness within the USA. For example, in 2011 a  L. monocyto-
genes  outbreak associated with cantaloupes infected 147 individuals with 33 deaths, 
for a mortality rate of 22 % [ 1 ]. 

  L. monocytogenes  gains entry into a wide variety of mammalian cells, both 
hematopoietic and non-hematopoietic, by phagocytosis or clathrin mediated uptake 
[ 2 – 4 ]. The bacterium usually does not replicate within phagosomes or vacuolar 
compartments but instead escapes these compartments to grow in the cell cytosol. 
A major bacterial virulence factor required for phagosomal escape is the pore- 
forming toxin listeriolysin O (LLO), encoded by the  hly  gene. LLO is secreted and 
active preferentially under acidic conditions found in maturing phagosomes, where 
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it destroys the phagosomal membrane with additional contributions by two bacterial 
phospholipases [ 5 ]. The exact mechanism of phagosomal escape is still under 
debate. However,  L. monocytogenes  strains with mutation of  hly  or otherwise 
 defi cient in LLO are attenuated and fail to escape acidifi ed phagosomes [ 6 ]. 
 L. monocytogenes  strains that invade into the cytosol trigger CD8+ T cell responses 
and long-lasting protective immunity, while LLO-defi cient strains are poor at elicit-
ing CD8+ T cell responses and protective immunity [ 7 ]. 

 Following systemic infection of mice,  L. monocytogenes  primarily localizes to the 
liver and spleen. The bacteria are rapidly phagocytosed by resident macrophages and 
dendritic cells (DC) within these tissues. Some of the phagocytosed bacteria escape 
phagosomes and replicate within these cells. In response to  L. monocytogenes , phago-
cytes produce pro-infl ammatory cytokines such as TNFα and type I interferons (IFN). 
Type I IFNs have long been associated with effective anti-viral immunity, but their 
role during bacterial infections is less clear. During infections by  L. monocytogenes , 
 Mycobacterium tuberculosis , and several other bacteria type I IFN are detrimental to 
the host. A better understanding of how type I IFN responses are regulated during 
 L. monocytogenes  infection thus has potential impact for treatment of bacterial infec-
tions. Though much has been learned in this regard, the detailed mechanisms for 
induction of these cytokines (abbreviated IFN-α/β) are still being unraveled. The goal 
of this chapter is to summarize the current state of research in this area. We outline 
the pattern recognition receptors (PRRs) and signaling pathways involved in the pro-
duction of type I IFNs during a  L. monocytogenes  infection and the biological effects 
their production has on the host. Pathways known to be important for induction of 
type I IFN within  L. monocytogenes -infected phagocytes are diagrammed in Fig.  1 .

  Fig. 1    Mammalian sensing of  L. monocytogenes  microbial components leading to induction of 
type I IFNs. ( a ) TLR and NOD pathways commonly recognize  L. monocytogenes  cell wall and 
envelope moieties. These pathways have not been shown to be required, but may augment IFN-β 
production. ( b ) Nucleic acid sensing pathways are known to induce type I IFNs by  L. monocyto-
genes  secretion of DNA, RNA, and cyclic di-nucleotides. While many of these pathways have been 
verifi ed by direct recognition of  L. monocytogenes  nucleic acids, question marks (?) indicate 
potential but unconfi rmed  L. monocytogenes  DNA sensors       
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       IFN Regulatory Factor 3 Is Crucial for Type I IFN 
Responses During  L. monocytogenes  Infection 

 Members of the IFN regulatory factor (IRF) family of transcription factors regulate 
type I IFN production during viral infections and in response to other infl ammatory 
stimuli. IRF3 in particular acts as an early factor regulating the type I IFN response. 
In resting cells, IRF3 is found in an inactivated state within the cytoplasm [ 8 ]. 
Phosphorylation on serine residues near the C-terminus of IRF3 enables it to dimer-
ize and form complexes with CBP/p300, and to translocate to the nucleus where it 
can bind promoter regions of  Ifnb  and other genes. IRF3 thus helps initiate  Ifnb  
transcription and subsequent secretion of IFN-β [ 8 ]. Once produced, IFN-β medi-
ates autocrine and paracrine signaling through the IFN-α/β receptor (IFNAR). Such 
signaling activates transcriptional complexes involving STAT1, STAT2, IRF7, and 
IRF9. These complexes bind promoters to regulate expression of diverse interferon 
regulated genes (IRGs), including those encoding other type I IFNs (e.g. IFNα pro-
teins). Thus, IRF3 activation directly or indirectly triggers production of multiple 
type I IFN proteins. 

 IRF3 is involved in IFN-β production during  L. monocytogenes  infection of mac-
rophages. Specifi cally, infected murine bone marrow derived macrophages 
   (BMDMs) showed signifi cant nuclear localization of IRF3 at 4 h after infection [ 9 ]. 
Unlike wild-type BMMs, BMMs derived from IRF3-defi cient mice also failed to 
induce expression of IFN-β upon infection by  L. monocytogenes  [ 9 ] .  Studies with 
C57Bl/6ByJ mice also indicated an important role for IRF3 in the response to  
L. monocytogenes . BMDMs from this inbred sub strain of C57Bl/6 mice transcribed 
~100-fold lower  Ifnb  mRNA upon  L. monocytogenes  infection [ 10 ]. Consistent with 
the reduced type I IFN response, these mice also showed signifi cantly increased 
resistance to challenge with a lethal infection dose. The defect in type I IFN produc-
tion mapped to a single A-T mutation found to be important for effi cient splicing of 
 Irf3.  This mutation resulted in reduced IRF3 protein levels that correlated with the 
reduced type I IFN synthesis [ 10 ]. Subsequent studies from several other groups 
have independently confi rmed the importance of IRF3 in the induction of type I 
IFNs by  L. monocytogenes  [ 9 ,  11 – 14 ] .   

    TNFR-Associated NF-κB Kinase- Binding Kinase 1 (TBK1) 
is Crucial for Type I IFN Responses During  L. monocytogenes  
Infection 

 The phosphorylation of IRF3 and stimulation of IFN-β production during viral 
infections or stimulation of cells with dsRNA requires two serine kinases, TNFR- 
associated NF-κB kinase (TANK)-binding kinase 1 (TBK1) and I-κB kinase ε 
(IKKε) [ 15 – 18 ]. TBK1 is an ubiquitously expressed member of the IKK protein 
kinase family that can associate with IKKε and TANK to regulate NF-κB activation 
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and expression of several proinfl ammatory cytokines [ 19 ]. Knockdown of either 
IKKε or TBK1 abolishes the production of IFN-β in response to dsRNA stimula-
tion, suggesting a non-redundant role for these two kinases [ 16 ]. Evidence that 
TBK1 plays a role in IRF3 activation during a  L. monocytogenes  infection comes 
from experiments with infected murine embryonic fi broblasts (MEF) from TBK1 
suffi cient and defi cient littermates. Unlike control MEFs,  Tbk1  −/−  MEF showed no 
nuclear translocation of IRF3 and no production of IFN-β [ 11 ]. In contrast, infection- 
induced nuclear localization of the p65 NFκB subunit was not affected by TBK1 
defi ciency, suggesting a specifi c requirement for TBK1 in IRF3 activation [ 11 ]. 
Additional evidence that TBK1 promotes IRF3 nuclear translocation and type I IFN 
synthesis during an infection with  L. monocytogenes  comes from studies with 
BMDMs lacking both TBK1 and TNFR1. The double knockout cells were used as 
TBK1 deletion causes embryonic lethality in TNF-responsive mice. IFN-β produc-
tion by the  Tbk1  −/−  Tnfr1  −/−  BMDMs was drastically, but not completely, reduced [ 11 ]. 
These results demonstrate that TBK1 is important but also argue there may be some 
functional overlap between TBK1 and IKKε in IRF3 activation during  L. monocy-
togenes  challenge [ 11 ,  16 ].  

    Toll-Like Receptors Recognize  L. monocytogenes  and in Some 
Situations May Contribute to Type I IFN Production 

 The Toll-like receptor (TLR) family of transmembrane receptors recognize molecu-
lar patterns associated with bacteria and viruses (PAMPs). Ligation of various TLRs 
by microbial products initiates signaling pathways involving NFκB, MAPK, and in 
several cases IRFs [ 20 ]. Thus, stimulation of TLRs can result in the production of 
proinfl ammatory cytokines and in some cases type I IFNs. The extracellular regions 
of TLRs contain leucine rich repeats (LRR) that mediate ligand binding, while their 
cytosolic regions contain Toll/IL-1 receptor (TIR) domains that interacts with other 
TIR containing adaptor proteins. Notably, TIR domains in TLRs recruit signaling 
adapters myeloid differentiation primary response gene 88 (MyD88) and/or TIR 
domain containing adapter inducing IFN-β (TRIF) [ 20 ]. This latter factor associates 
with TBK1 to ultimately stimulate IRF3 activation and IFN-β production. 

 Work with mouse cells has shown that several TLRs are capable of detecting 
 L. monocytogenes  products. In some cases, such recognition might conceivably 
contribute to the induction of type I IFNs. For example, TLRs 2, 3, and 4 have been 
shown to recruit TRIF to activate TBK1, IRF3, and production of IFN-α/β [ 18 ,  21 ]. 
TLR4 is best known as the receptor for lipopolysaccharide (LPS), which is pro-
duced exclusively by Gram-negative bacteria. However, TLR4 can also reportedly 
recognize lipoteichoic acids present in the cell envelope of  L. monocytogenes  and 
other Gram-positive bacteria [ 22 ]. Nevertheless, TLR4 expression was not required 
for nuclear translocation of IRF3 or type I IFN production by  L. monocytogenes - 
infected  BMMs [ 11 ]. TLR4 defi ciency also failed to reduce IFN-β production by 
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 L. monocytogenes -infected peritoneal macrophages [ 13 ]. TLR3 stimuli are well 
known to elicit type I IFN production. However, this TLR recognizes double-
stranded RNA present in certain viral particles or produced during viral infections 
[ 23 ]. Thus, ligands for TLR3 are presumably rare during bacterial infections. 
Nonetheless, a study by Aubry et al. [ 13 ] reported that peritoneal macrophages lack-
ing TLR3 produced signifi cantly less IFN-β than wild-type cells when infected with 
 L. monocytogenes . The nature of the  L. monocytogenes  ligand(s) recognized by 
TLR3 in this setting is unclear. One possibility is that TLR3 is activated due to an 
association with TLR2 [ 13 ]. TLR2 recognizes lipoproteins/lipopeptides commonly 
found in the peptidoglycan and lipoteichoic acid of bacterial cell walls and appears 
to be important for recognition of  L. monocytogenes  during in vivo infections, since 
mice lacking TLR2 or MyD88 show impaired resistance to  L. monocytogenes  
[ 24 – 27 ]. Furthermore, signaling from internalized TLR2 has been shown to induce 
type I IFN production [ 28 ,  29 ]. One group reported detecting type I IFN production 
that was dependent on IRF1 and IRF7 (but independent of IRF3) in BMDMs stimu-
lated with the synthetic TLR2 ligand diacylated lipopeptide Pam3CSK4 [ 29 ]. 
Conversely, Barbalat et al. [ 28 ] reported that stimulation of TLR2 in infl ammatory 
monocytes induced type I IFNs in response to viral but not bacterial components. 
Consistent with this latter report, IRF3 nuclear localization and IFN-β production 
were not reduced in  Tlr2  −/−  BMMs infected with  L. monocytogenes  [ 11 ]. The lack 
of a role for TLR2 in type I IFN production by  L. monocytogenes -infected BMDMs 
was confi rmed in the study by Aubry et al. [ 13 ]. Yet, these authors also reported that 
TLR2 defi ciency signifi cantly reduced type I IFN production by  L. monocytogenes  
infected peritoneal macrophages. Resident peritoneal macrophages are more bacte-
ricidal than BMDMs. Thus, these studies suggest TLR2 signaling may augment 
type I IFN production by cell types that are capable of delaying phagosomal escape 
of and/or digesting phagocytosed  L. monocytogenes . Consistent with a requirement 
for bacterial internalization, peritoneal macrophages pre-treated with Cytochalasin 
D to inhibit actin mobilization before  L. monocytogenes  infection produced very 
little type I IFNs [ 13 ]. However, preventing internalization of  L. monocytogenes  
also prevents bacterial access to the host cell cytosol and subsequent replication and 
stimulation of cytosolic PRRs.  

    Evidence for Involvement of Cytosolic PRRs 

 In addition to cell surface and vacuolar TLRs, macrophages and other cells can 
 recognize microbial products using cytosolic PRRs. Recognition of microbes by 
different PRRs may also elicit distinct cellular responses. In the context of  
L. monocytogenes  infection, it was demonstrated that a gene expression profi le 
observed during the “early phase” (1–2 h) of BMDMs infection by virulent wild-type 
 L. monocytogenes  strains was also seen upon treatment of the cells with killed 
 bacteria or Δ hly L. monocytogenes  mutants unable to escape from vacuole compart-
ments into the host cell cytosol [ 14 ,  30 ]. Several upregulated “early phase” genes 
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(for example  Il1b ,  Tnfa , and several chemokines) are known to be induced by TLR 
and NF-κB signaling pathways [ 14 ,  30 ], and were no longer or not as strongly 
induced upon infection of  MyD88  −/−  macrophages [ 14 ]. These fi ndings are consis-
tent with involvement of TLR mediated pathways in the “early phase” of the macro-
phage response to killed or live bacteria. A distinct, “late-phase,” response was also 
observed at 4–8 h after the infection with wild-type bacteria [ 14 ,  30 ]. However, this 
“late phase” gene expression profi le was not observed after infection by killed or 
Δ hly L. monocytogenes  strains [ 14 ,  30 ]. Hence, the late response appears to be 
indicative of infections where bacteria can access the cytosol and replicate within 
the macrophages. The “late phase” BMDMs genes included  Ifnb,  multiple subtypes 
of  Ifna , and several additional IFN dependent genes [ 14 ,  30 ], and was almost entirely 
dependent on IRF3 activation [ 14 ]. These fi ndings support the notion that the type I 
IFN response is elicited by cytosolic PRRs that are stimulated upon escape of 
phagocytosed wild- type  L. monocytogenes  from vacuolar compartments.  

    Nucleotide-Binding Oligomerization Domain-Containing 
(NOD) Proteins May Augment Type I IFN Responses 
to  L. monocytogenes  

 The nucleotide-binding domain, LRR protein family referred to as NLRs includes 
several cytosolic and nuclear proteins. The NLR protein family has three distinct 
domain structures; a caspase recruitment domain (CARD) thought to regulate 
homotypic and heterotypic binding; a nucleotide binding domain (NBD) thought 
to be involved to self-oligomerization; and the LRR domain that is also thought to 
function in ligand binding [ 31 ]. Some LRR proteins have been shown to act as 
innate sensors in the detection of microbial products. For example, nucleotide- 
binding oligomerization domain-containing protein (NOD) 1 and NOD2 detect 
distinct muropeptide fragments derived from the cell wall of Gram-positive and/
or Gram-negative bacteria [ 32 ]. Recognition of these fragments by NOD1 and 
NOD2 activates a serine/threonine kinase receptor interacting protein (RIP) 2 that 
is required for initiating downstream signaling and activation of NF-κB [ 33 ]. The 
 L. monocytogenes  cell wall contains moieties that are capable of recognition by 
both NOD1 and NOD2, and infection of BMDMs with  L. monocytogenes  elicits 
RIP2- dependent production of multiple pro-infl ammatory cytokines [ 33 – 35 ]. 
However, defi ciencies in NOD1, NOD2, or RIP2 do not completely ablate the 
cytokine response to  L. monocytogenes  indicating that this is not an essential rec-
ognition pathway [ 33 ]. Moreover, studies with RIP2 null or NOD2 null BMMs 
failed to reveal an essential role for these factors in mediating type I IFNs synthe-
sis in response to  L. monocytogenes  [ 11 ,  12 ]. Thus, these NOD proteins do not 
appear to be essential for the type I IFN response elicited by replicating cytosolic 
 L. monocytogenes . 
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 However, there is some evidence that NOD proteins may, like TLRs, augment 
type I IFN production by  L. monocytogenes -infected BMDMs. Specifi cally, while 
stimulation of BMDMs with synthetic MDP (the agonist for NOD2) alone elicited 
very little IFN-β production MDP treatment did increase IFN-β production in 
BMDMs transfected with  L. monocytogenes  genomic DNA by approximately two-
fold. The IFN-β produced in response to the DNA required expression of TBK1 and 
the enhancement by MDP required RIP2 [ 14 ]. To further evaluate the necessity for 
NOD2 in this response, BMMs were fi rst tolerized by treatment with the TLR2 
agonist, Pam3CSK4, then infected [ 14 ]. At 4 h post infection, tolerized NOD2- 
defi cient BMMs had a twofold reduction in IFN-β synthesis compared to tolerized 
wild-type BMMs [ 14 ]. These fi ndings suggest that NFκB signaling downstream of 
RIP2 enhances type I IFN production in  L. monocytogenes -infected BMDMs.  

    Possible Contributions of RNA Helicases to the  L. 
monocytogenes -Induced Type I IFN Response 

 During viral infections two cytosolic RNA helicases, retinoic acid inducible gene 1 
(RIG-I) and melanoma differentiation-associated gene 5 (MDA5), detect viral “pat-
terned” RNA to initiate the interferon response [ 36 ]. Both RIG-I and MDA5 contain 
two CARD domains required for dimerization and adaptor protein association, plus 
a DExD/H-box RNA helicase domain that allow for dsRNA recognition [ 36 ,  37 ]. 
Once dsRNA is detected, RIG-I or MDA5 molecules dimerize and are recruited to 
the mitochondria where they encounter their adaptor protein, mitochondrial antivi-
ral signaling (MAVS) [ 37 ]. MAVS links RIG-I and MDA5 signaling to TBK1, IRF3 
phosphorylation, and IFN-β synthesis [ 37 ,  38 ]. RIG-I is required for the type I IFN 
response to several ssRNA viruses while MDA5 is required for detection of another 
viral group, usually involving longer pieces of dsRNA [ 36 ]. Additionally, RIG-I is 
able to induce IFN-β production in response to cytosolic DNA when it is transcribed 
into a dsRNA species within the cytosol by RNA polymerase III [ 39 ]. 

 Soon after MAVS was found to be important for viral detection, investigators 
asked if this adapter protein might also be involved in the type I IFN response to 
cytosolic  L. monocytogenes . Studies with BMDMs from knockout mice showed 
that MAVS was not required to produce wild-type amounts of IFN-β in response to 
 L. monocytogenes  [ 38 ]. Similar conclusions were reached in studies using siRNA 
knockdown of MAVS in the RAW 264.7 macrophage-like cell line [ 40 ]. These fi nd-
ings thus argued against an essential role for MDA5 or RIG-I in the interferon 
response to  L. monocytogenes . However, when Abdullah et al. [ 41 ] more directly 
evaluated the effects of RIG-I and MDA5 during  L. monocytogenes  challenges they 
found that both reacted to cytosolic  L. monocytogenes . They reported that IFN-β 
production was signifi cantly reduced in the  RigI  −/−  BMMs and modestly reduced in 
 Mda5  −/−  BMMs. However, RIG-I deletion did not completely ablate IFN-β produc-
tion [ 41 ]. Additional evidence suggested that  L. monocytogenes  may actively secrete 
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RNA [ 41 ]. Such secreted RNA (seRNA) may also interact with RIG-I differently 
than RNA isolated from  L. monocytogenes  lysates [ 41 ], as seRNA induced a stron-
ger IFN-β response when transfected into macrophages [ 41 ]. Along with secreting 
RNA,  L. monocytogenes  was also reported to secrete DNA, which enhanced IFN-β 
production through an RNA polymerase III and RIG-I dependent mechanism. These 
studies also included experiments using a  L. monocytogenes  SecA2 mutant 
(ΔSecA2)  L. monocytogenes  strain. SecA2 is a key component of an auxiliary 
secretory system originally identifi ed as a protein secretion system that contributes 
to bacterial pathogenesis [ 42 ]. Mutants lacking SecA2 still access the cytosol of 
infected BMMs but do not induce the same level of IFN-β production as wild-type 
 L. monocytogenes , thus the authors concluded that the SecA2 secretion system may 
contribute to release of nucleotides involved in activating RNA helicase pathways 
[ 41 ]. However, the original studies with SecA2 showed that defi ciency alters bacte-
rial morphology, impairs bacterial cell–cell spread, and impairs secretion of several 
 L. monocytogenes  proteins, some with demonstrated roles in pathogenicity. Thus, it 
is possible that one or more of these other factors contributed to the observed reduc-
tion in type I IFNs. Recent work by Hagmann et al. [ 43 ] suggests that RIG-I may 
play a larger role in activating type I IFN production in non-immune cell types, but 
additional work is needed to confi rm this.  

    Cytosolic DNA Sensors in the Interferon Response 
to  L. monocytogenes  Infection 

 Stetson and Medzhitov [ 44 ] were fi rst to show that IFN-β production could be 
induced in BMMs by a DNAse-sensitive component of  L. monocytogenes  lysates. 
Upon further analysis, this recognition was independent of CpG motifs in the DNA 
that are required for TLR9 stimulation as well as MyD88 and RIP2 [ 44 ]. Rather, the 
response required the sugar-phosphate DNA backbone and IRF3. These results sug-
gested the existence of a receptor capable of sequence-independent recognition of 
 L. monocytogenes  DNA. This spurred a hunt for cytosolic DNA sensors that activate 
TBK1/IRF3 to trigger type I IFN production. 

 DNA-dependent activator of IFN-regulatory factors (DAI) was discovered as a 
potential DNA sensor through a screen for IFN inducible genes that also contained 
DNA binding domains [ 45 ,  46 ]. DAI is localized to the cytoplasm and when over- 
expressed in cell lines can enhance type I IFN responses to DNA. Conversely, 
knockdown of DAI using RNAi inhibits IFN-β induction by DNA [ 45 ]. DAI was 
shown to directly bind dsDNA and promote association of TBK1 and IRF3 [ 45 ]. 
However, siRNA knockdown of DAI had no effect on IFN-β production by human 
cell lines infected with  L. monocytogenes  [ 47 ]. These fi ndings argue that DAI is not 
essential for the type I IFN response to  L. monocytogenes  infection, though addi-
tional studies are needed to fully understand the role this protein plays in innate 
DNA sensing. 
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 LRRFIP1 is a LRR domain containing protein originally discovered for its 
 interaction with the mammalian homolog of the gelsolin family member,  Drosophila 
fl ightless I  [ 48 ,  49 ] .  LRRFIP1 is localized to the cytoplasm of most cells and is also 
known to bind dsRNA and G-C rich dsDNA [ 48 – 50 ]. LRRFIP1 was identifi ed in a 
screen for siRNAs that reduced IFN-β production by  L. monocytogenes  infected 
primary peritoneal macrophages. Knockdown of LRRFIP1 reduced IFN-β secretion 
from infected mouse peritoneal cells by greater than 50 %, while stable knockdown 
in RAW 264.7 cells suppressed  L. monocytogenes  induced  Ifnb  transcripts by almost 
80 % [ 49 ]. LRRFIP1 appears to act as a co-stimulator of  Ifnb  transcription. The 
protein was shown to interact with β-catenin to enhance its ability to bind IRF3 and 
recruit p300 for acetylation of histones at the  Ifnb  promoter [ 49 ]. Type I IFN pro-
duction in response to  L. monocytogenes  infection was also shown to be signifi -
cantly reduced in primary peritoneal macrophages defi cient for β-catenin [ 49 ]. 
These data suggest a mechanism by which  L. monocytogenes  nucleic acids can 
activate LRRFIP1 to enhance  Ifnb  transcription. However, depletion of both 
LRRFIP1 and β-catenin failed to completely impair the type I IFN response [ 49 ]. 

 Absent in melanoma 2 (AIM2) is another cytosolic DNA sensor. DNA binding 
to AIM2 causes formation of a complex called the AIM2 infl ammasome, which 
activates caspase 1 to cleave and activate infl ammatory cytokines including IL-18 
and IL-1β.  L. monocytogenes  infection activates the AIM2 infl ammasome, but 
AIM2 stimulation has not been shown to impact production of type I interferons 
[ 51 – 53 ]. In contrast, the IFI16 protein both interacts with cytosolic viral DNA and 
regulates production of IFN-β in both macrophages and MEFs [ 54 ,  55 ]. Binding of 
 L. monocytogenes  DNA to IFI16 has not been shown to occur, nor is it yet published 
whether IFI16 impacts type I responses during  L. monocytogenes  infection.  

    STING-Dependent Sensing of DNA or Cyclic 
Dinucleotides Regulates the Interferon Response 
to  L. monocytogenes  Infection 

 Stimulator of interferon genes (STING), also called MITA, MPYS, or ERIS, is an 
evolutionarily conserved protein that contains fi ve transmembrane regions and is 
localized in the endoplasmic reticulum [ 56 – 59 ]. The involvement of STING in type 
I IFN responses was fi rst discovered in a screen where full length cDNA expression 
vectors were transfected into 293T cells containing a luciferase construct driven by 
the IFN-β promoter [ 56 ,  57 ]. Over-expression of STING increased IRF3 activation 
and IFN-β production in response to viral challenges [ 56 ,  57 ,  59 ]. RNAi knockdown 
or a direct knockout of STING resulted in a decreased activation of IRF3 and 
decreased IFN-β production, ultimately leading to increased viral susceptibility [ 56 , 
 57 ,  59 ]. In fact, STING expression levels correlated with the degree of inhibited 
viral replication [ 57 ]. Upon viral infection, STING dimerizes and directly interacts 
with TBK1 in immunoprecipitation experiments [ 56 ,  57 ,  59 ]. STING also enhances 

Induction and Consequences of the Type I IFN Response…



26

interaction of TBK1 and IRF3 and both of these factors are required for 
 STING- induced type I IFN production [ 56 ,  57 ,  59 ]. To identify stimuli leading to 
STING- dependent induction of IFN-β, MEFs derived from wild-type and STING −/−  
mice were transfected with various DNA ligands. STING expression enhanced 
IFN-β synthesis in response to cytosolic delivery of both viral and bacterial DNA, 
as well as synthetic non-CpG dsDNA, but not dsRNA [ 60 ]. Macrophages and den-
dritic cells isolated from  Sting  −/−  mice also demonstrated signifi cantly reduced or 
undetectable levels of IFN-I when transfected with synthetic DNA or infected with 
 L. monocytogenes  [ 60 – 62 ]. 

 STING does not appear to be a direct sensor of DNA. Rather, cyclic di- 
nucleotides—which act as second messengers in a number of bacterial species—are 
able to induce type I IFN production in a STING-dependent manner [ 61 – 63 ]. 
STING binds radiolabeled cyclic diguanylate monophosphate (c-di-GMP) in a 
manner competed by unlabeled cyclic dinucleotides but not other nucleic acids such 
as dsDNA [ 63 ]. Another study found that biotinylated c-di-GMP and c-di-AMP 
also bound to the DEAD-box helicase, DDX41, with a higher affi nity than to STING 
[ 64 ]. Unlike STING, DDX41 also bound cytosolic DNA. Mouse or human cells 
defi cient for DDX41 also showed decreased IFN-β responses to  L. monocytogenes  
infection or cytosolic delivery of c-di-AMP and c-di-GMP [ 64 ]. Yet, STING was 
still required for type I interferon production to these stimuli as well as synthetic 
dsDNA and DNA viruses [ 65 ]. Since DDX41 also binds to STING, it may act as a 
co-factor to regulate STING-dependent type I IFN responses [ 64 ,  65 ]. 

 Evidence suggests that cyclic di-nucleotides are actively released from replicat-
ing  L. monocytogenes  [ 66 ]. The release of c-di-AMP from  L. monocytogenes  
appears to be mediated by a family of multidrug effl ux transporters (MDRs) [ 66 ].  
L. monocytogenes  strains containing increased or reduced expression of MDRs such 
as MdrM show corresponding increases and reductions in their ability to elicit IFN-β 
production by infected BMDMs [ 66 ].  L. monocytogenes  production of c-di- AMP 
requires a diadenylate cyclase (DacA), which is required for establishment and opti-
mal growth within mammalian cells, as well as the overall stability of its bacterial 
cell wall [ 67 ]. Strains defi cient in DacA are signifi cantly attenuated during infec-
tions of mice, yet still induce type I IFN production [ 67 ]. The residual activation of 
type I IFNs could refl ect the release of c-di-GMP other cyclic di-nucleotides that 
activate STING, or the release of DNA or RNA. Knockdown of STING in RAW 
264.7 cells and BMMs derived from a  Sting  −/−  mouse signifi cantly decreased IRF3 
activation and IFN-β production in response to  L. monocytogenes  infection or cyto-
solic delivery of c-di-AMP and c-di-GMP [ 61 ]. During systemic  L. monocytogenes  
infection in mice, STING defi ciency also impacted early production of type I inter-
ferons as  Sting  −/−  mice had signifi cantly reduced IFN-β in the sera 8 h post infection 
[ 61 ]. Similar results were independently observed using an  N -Ethyl- N - Nitrosourea  
(ENU) generated mouse with a loss of function mutation in STING [ 62 ]. These data 
indicate the importance of STING in the initial type I interferon response to cyto-
solic  L. monocytogenes  and suggest this could be due to bacterial release of cyclic 
di-nucleotides. It is also possible that bacterial DNA released into the cytosol could 
contribute to this STING-dependent response. It was recently shown that cytosolic 
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or viral DNA can be processed into a “non-canonical” 2′–5′ linked cyclic 
 dinucleotide, cyclic guanosine monophosphate–adenosine monophosphate 
(cGAMP) by an enzyme named cGAMP synthase (cGAS) [ 68 ,  69 ]. This contrasts 
with the canonical 3′–5′ linkage seen in the cyclic di-nucleotides produced by bac-
teria. Like bacterial cyclic di-nucleotides, cGAMP binds STING and does so in a 
manner competed by high concentrations of unlabeled c-di-GMP, c-di-AMP, and 
cGAMP, but not by DNA [ 68 ]. Furthermore, over-expression of cGAS induced 
IFN-β production that was dependent on STING expression and knockdown of 
cGAS signifi cantly reduced IRF3 activation and  Ifnb  transcription in response to 
DNA [ 69 ]. Whether cGAS might also play a role in the type I interferon response by 
macrophages or other cell types infected with  L. monocytogenes  is not yet known.  

    Biological Consequences of Type I IFN Production 

 Type I interferons bind a common cell surface receptor to alter gene expression in a 
manner that induces an antiviral state that increases cell intrinsic resistance to viral 
replication. Thus, production and response to these interferons increases host resis-
tance to numerous viral infections. The opposite occurs during infections by 
 L. monocytogenes  and several other bacteria, where responsiveness to type I IFNs is 
actually detrimental to the host [ 9 ,  70 – 72 ]. Mice defi cient in IFNAR and IRF3 are 
also signifi cantly more resistant to  L. monocytogenes  challenge [ 9 ,  70 ]. In wild-type 
mice, treatment with the type I interferon-inducing synthetic dsRNA agonist poly:IC 
also signifi cantly increased  L. monocytogenes  titres in both the livers and spleens 
[ 9 ]. These results indicate that type I IFN production and responsiveness exacerbate 
 L. monocytogenes  pathogenicity. However, although STING-defi cient mice have 
reduced production of IFN-β early after  L. monocytogenes  infection, they were not 
more resistant to  L. monocytogenes  and showed similar bacterial burdens in the both 
the livers and spleens compared to STING suffi cient mice [ 61 ]. These results sug-
gest that the lack of IFN production very early after infection is not suffi cient to 
increase host resistance and also that redundancy exists in the pathways required for 
 L. monocytogenes  induced type I IFN during systemic infection. 

 Multiple mechanisms have been proposed to account for the deleterious effects 
of type I IFNs during  L. monocytogenes  challenge. O’Connell et al. [ 9 ] observed 
that type I IFN signaling increased the expression of several pro-apoptotic genes 
such as TRAIL, PML, and Daxx. Additionally, more macrophages and infl amma-
tory monocytes were found in the spleens of  L. monocytogenes  infected  Ifnar  −/−  
mice compared to wild type [ 9 ]. These results suggested to the authors that type I 
IFNs may be deleterious because they induce apoptosis of monocytes within the 
spleens. Another group observed decreased terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labeling (TUNEL) staining in the spleens of  Ifnar  −/−  mice 
after 2–3 days of  L. monocytogenes  infection [ 73 ]. These authors concluded that the 
apoptotic cells were lymphocytes and not monocytes, and thus that IFN-induced 
apoptosis of lymphocytes was deleterious to the host [ 73 ]. In contrast, Auerbuch 
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et al. [ 70 ] reported increased numbers of splenic CD11b +  cells secreting the 
 pro- infl ammatory cytokine, TNFα, within the spleens of  L. monocytogenes  infected 
 Ifnar  −/−  mice, leading them to suggest type I IFN signaling suppresses accumulation 
of TNFα producing monocytes that might protect against  L. monocytogenes  
 infection [ 70 ]. 

 In contrast to type I IFNs, the type II IFN or IFNγ is critical for the pro- 
infl ammatory activation of macrophages. IFNγ enhances macrophage ability to kill 
bacteria, increases their secretion of pro-infl ammatory cytokines such as TNFα and 
IL-12, and increases expression of MHC class II and co-stimulatory molecules [ 74 ]. 
IFNγ signals through a heterodimeric receptor IFN gamma receptor (IFNGR). 
During a  L. monocytogenes  infection, it was observed that the IFNGR was selec-
tively down regulated from the surface of myeloid cells, but not T cells [ 71 ,  75 ]. 
This phenomenon was observed both in vivo and in vitro upon challenge with 
 L. monocytogenes  and was mediated by type I IFNs [ 71 ,  75 ]. BMDMs derived from 
wild- type mice also decrease surface expression of IFNGR upon stimulation with 
IFN-β [ 71 ,  75 ]. The suppression of the IFNGR receptor decreased the responsive-
ness of the myeloid cells to IFNγ, potentially suppressing pro-infl ammatory activa-
tion of macrophages and decreasing their ability to clear bacterial infections [ 71 ]. 
This thus represents an additional potential mechanism to account for the ability of 
type I IFNs to increase host susceptibility to bacterial infections. 

 Mechanistically, down regulation of the IFNGR involves transcriptional silenc-
ing by type I IFNs [ 71 ,  75 ]. Kearney et al. [ 75 ] demonstrated that IFN-β stimulation 
silences new transcription at the  ifngr  locus in macrophages, as indicated by loss of 
activated RNA polymerase II at the transcriptional start site as well as epigenetic 
marks indicative of condensed chromatin. Additionally, recruitment of early growth 
response factor 3 (Egr3) to the  ifngr  promoter was observed shortly after IFN-β 
treatment [ 75 ]. Egr3 can act as a activator or repressor of transcription [ 76 – 79 ]. 
Association of Egr proteins with the NGFI-A binding protein, Nab1, causes tran-
scriptional silencing and Nab1 was recruited to the  ifngr  promoter shortly after Egr3 
[ 75 ]. Knockdown of Nab1 in mouse RAW 264.7 macrophages prevented IFNGR 
down regulation in response to type I IFN stimulation [ 75 ]. These data provide evi-
dence of a direct antagonistic effect between type I and type II IFNs in myeloid cells 
and suggest this antagonism lowers myeloid cell responsiveness to IFNγ and thus 
host resistance. However, there is not yet direct evidence to support whether one of 
these possible mechanisms is responsible for the increased bacterial burdens in 
response to type I IFNs.  

    Conclusions 

 Sensing of microbial products is important for host defense against pathogens. Yet, 
sensing of  L. monocytogenes  and other bacterial pathogens appears to be deleterious 
to the host when this leads to the production of type I IFNs.  L. monocytogenes  may 
thus promote such sensing as there is evidence it actively secretes RNA, DNA, and 
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cyclic di-nucleotides that are recognized by cytosolic PRRs including RIG-I, 
STING, DDX41, IFI16, and cGAS. STING expression is most critical for the induc-
tion of IFN-I in cultured macrophages, but whether this is through a direct interac-
tion with  L. monocytogenes  c-di-AMP is uncertain. However, mice lacking STING 
still produce type I IFNs in response to  L. monocytogenes  infection, highlighting the 
redundancy in these pathways mediating detection of pathogen-derived molecules 
and triggering of IFN-β production. The creation of double and triple knockout mice 
would provide a valuable tool to further dissect which sensing pathways are most 
crucial for  L. monocytogenes  sensing in vivo. Further understanding of how type I 
IFNs are triggered, and the effects they have on host biology, is essential for improv-
ing our knowledge of and ability to improve host resistance to bacterial infections.     
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      Innate Immune and Type I IFN Responses 
During  Legionella pneumophila  Infection 

             Jan     Naujoks     and     Bastian     Opitz    

           Introduction 

  Legionella pneumophila  can cause a fl u-like disease, called Pontiac fever, and a 
severe pneumonia known as Legionnaires’ disease or legionellosis. Legionnaires’ 
disease can affect ambulatory and hospitalized patients and is associated with high 
mortality rates ranging from 10 to 38 % [ 1 ,  2 ]. Risk factors associated with the occur-
rence of this disease include old age, solid organ transplantation, smoking, a history 
of cancer or hematologic malignancies, steroid therapy, other immunosuppressive 
treatments, and diabetes mellitus [ 1 ]. The numbers of patients with those risk factors 
as well as the number of reported cases of legionellosis are increasing [ 3 ,  4 ]. 

  L. pneumophila  is a facultative intracellular bacterium and a parasite of amoeba 
allowing the bacteria to persist in the environment [ 5 ,  6 ]. Infection develops follow-
ing inhalation of  L. pneumophila -contaminated aerosols into the human lung, 
phagocytic uptake, and intracellular growth of the bacteria in alveolar macrophages. 
In the phagosome,  L. pneumophila  circumvents the phagolysosomal pathway and 
recruits ER vesicles and mitochondria to the vacuole, forming the  Legionella - 
containing  vacuole (LCV). The formation of LCV is dependent on  Legionella  effec-
tor proteins that are translocated into the host cytoplasm by a type IV secretion 
system (T4SS) encoded by  dot/icm  genes [ 5 ,  6 ]. Evading the antibacterial lyso-
somal activity, the bacterium is able to replicate in the LCV. 

 While intracellular pathogens, such as  L. pneumophila,  manipulate host cell pro-
cesses in order to establish an intracellular niche for their survival and replication, 
the host has evolved defense mechanisms that restrict the infection. Among them, 
intracellular defense pathways appear to play a major role to fi ght  L. pneumophila  
pneumonia (see next paragraph). The balance between bacterial virulence strategies 
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and defense pathways of the host determines the outcome of such bacterial 
 encounters, resulting in microbial clearance, the mild Pontiac fever or establishment 
of Legionnaires’ disease.  

    Innate Immunity to  L. pneumophila  Infection 

  L. pneumophila  is recognized by several transmembrane and cytosolic pattern rec-
ognition receptors that cooperatively mediate protective immune responses [ 7 ]. The 
transmembrane Toll-like receptors (TLRs) -2, -5, and -9 detect bacterial cell-wall 
components, fl agellin and unmethylated CpG-rich DNA, respectively [ 8 – 12 ]. TLRs 
stimulate production of several NF-κB-dependent cytokines such as TNFα which 
contributes to resistance of mice towards  L. pneumophila  infection [ 13 – 16 ]. Several 
studies demonstrated that mice defi cient in TLR2 and the other above-mentioned 
TLRs alone or in different combinations have defects in the defense against  L. pneu-
mophila  compared to wild-type mice [ 9 ,  10 ,  15 – 18 ]. The NOD-like receptors 
(NLRs) NOD1 and NOD2 are activated by  Legionella  peptidoglycan that might get 
access to the cytosol through the T4SS. Mice defi cient in both NODs or in the 
shared signaling mediator RIP2 show impaired neutrophil recruitment and attenu-
ated bacterial clearance during pneumonia [ 19 ,  20 ]. 

 Other cytosolic sensors of  L. pneumophila  in macrophages are the canonical 
NAIP5 and NLRP3 infl ammasomes and the non-canonical caspase-11-dependent 
infl ammasome. Regarding the fi rst mentioned infl ammasome, different alleles of 
NAIP5 have long been known to determine whether a mouse is resistant or (moder-
ately) susceptible to  Legionella  infection, underlying the importance of this NLR in 
the host defense mechanism [ 21 ,  22 ]. NAIP5 forms together with the NLR molecule 
NLRC4 the NAIP5 infl ammasome, which can additionally contain the adapter mol-
ecule ASC and caspase-1 [ 23 – 27 ]. This multi-protein complex is activated by the 
fl agellin delivered by the T4SS. The activation contributes to production of IL-1β 
and IL-18 and leads to the growth restriction of wild-type (but not fl agellin- defi cient) 
 L. pneumophila  in macrophages of most mouse strains (e.g. C57Bl/6). The growth 
restriction is dependent on the caspase-1-mediated cell death called pyroptosis and 
on the enhancement of the fusion of LCVs with lysosomes [ 24 ,  28 – 31 ]. The canoni-
cal NLRP3 infl ammasome, consisting of NLRP3, ASC, and caspase-1, is also acti-
vated by  L. pneumophila  and controls IL-1β and IL-18 production, but its function 
in controlling infection in vivo appears to be less essential [ 32 ,  33 ]. 

 Furthermore,  L. pneumophila  stimulates a cytosolic non-canonical caspase-11- 
dependent infl ammasome depending on its T4SS [ 32 ,  34 ,  35 ]. The exact mode of 
action of this infl ammasome and its molecular components are unclear. Upon 
 L. pneumophila  infection of macrophages, the caspase-11 infl ammasome contrib-
utes to the NLRP3 infl ammasome-mediated IL-1β production and cell death, and 
stimulates a NLRP3-independent cell death and IL-1α release [ 32 ,  34 ,  35 ]. Moreover, 
caspase-11 has been indicated to stimulate fusion of LCVs with  lysosomes [ 36 ]. 
Thus, different infl ammasomes contribute to the macrophage-intrinsic defense 
against  L. pneumophila . The innate immune response to  L. pneumophila  is further 
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shaped by translational inhibition and biasing to favor production of some 
 pro- infl ammatory mediators [ 37 ,  38 ]. This translational regulation is dependent on 
the T4SS and possibly on some effector proteins and/or on effector protein-indepen-
dent inhibition of the mTOR pathway. 

 The function of neutrophils in  Legionella  infection is incompletely understood. 
   Recruitment of neutrophils to the lung during infection is dependent on TLR- and 
NOD1/2-dependent chemokine production [ 19 ], release of IL-1α (in addition to 
IL-1β) by hematopoietic cells [ 39 ], activation of IL-1 receptor (IL-1R) and produc-
tion of chemokines by non-hematopoietic cells [ 40 ].  Legionella  spp. might be resis-
tant to neutrophilic killing [ 41 ,  42 ], but antibody-mediated depletion of neutrophils 
impairs clearance of  L. pneumophila  from the lung at later time points [ 43 ].    This 
might be related to the production of cytokines such as IL-18 by neutrophils which 
together with IL-12 activates natural killer (NK) cells to produce the host protective 
type II IFN (IFNγ; [ 44 ,  45 ]). 

 IFN-γ activates macrophages to restrict  L. pneumophila  replication. Mice lack-
ing IFN-γ or its receptor IFNGR are susceptible towards  L. pneumophila  infection 
[ 46 – 48 ]. The IFN-γ-mediated defense in macrophages most likely depends on 
STAT1 homodimerization, binding to gamma IFN-activated sites (GAS) in gene 
promoters and up-regulation of IFN-stimulated antibacterial genes (ISGs). Yet, the 
identity of these antibacterial factors and their modes of action in  L. pneumophila  
infection are still unknown. 

 Besides neutrophils and NK cells, plasmacytoid dendritic cells (pDCs) have 
been demonstrated to have an important contribution to the restriction of  L. pneu-
mophila  in mice [ 49 ]. These cells were recruited during infection and depletion of 
pDCs signifi cantly decreases bacterial clearance from the lung. Interestingly, even 
though pDCs are well known for their ability to produce type I IFNs upon viral 
infection, the protective effect of pDCs on  L. pneumophila  infection is independent 
of these cytokines [ 49 ].  

    Production of Type I IFNs in  L. pneumophila  Infection 

 In addition to the above-mentioned pathways,  L. pneumophila  infection of macro-
phages is also detected by cytosolic nucleic acid sensors, and restricted by subse-
quently produced type I IFNs. We and others have previously shown that host cells 
infected with  L. pneumophila  produce type I IFNs [ 50 ,  51 ]. This response requires 
bacterial uptake and expression of the bacterial T4SS, but is independent of bacte-
rial replication and the IcmS-dependently translocated bacterial proteins [ 50 – 52 ]. 
Although the sensor molecule is still unknown, several lines of evidence suggest 
that bacterial DNA is the molecule that is detected into the host cell cytosol and 
triggers type I IFN production. First, intracellular delivery of purifi ed  Legionella  
DNA into macrophages stimulates a similar type I IFN production as infection with 
viable bacteria [ 50 ,  52 ]. Second, type I IFN responses to  L. pneumophila  are depen-
dent on the T4SS, and the T4SS has been shown to transfer DNA to recipient bacte-
ria [ 53 ]. Third, digestion of  Legionella  extracts with DNAse (but not RNAse or 
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proteinase) inhibits their ability to induce IFN-β expression [ 50 ,  52 ]. Fourth, the 
expression of the T4SS effector molecule SdhA negatively correlates with both, 
 Legionella  DNA release into the host cell cytosol and type I IFN responses [ 54 – 56 ]. 
Fifth,  L. pneumophila -induced type I IFN production is signifi cantly reduced in 
macrophages after gene-silencing of STING [ 52 ]. STING (also called MPYS, 
ERIS, and MITA) is an ER-anchored molecule that serves as a key adapter protein 
for most cytosolic DNA sensing pathways [ 57 ,  58 ]. These cytosolic DNA sensors 
include cyclic-AMP-GMP synthase (cGAS), DAI, IFI16, DDX41, and RNA poly-
merase III/RIG-I [ 59 – 64 ]. While DAI is not involved [ 65 ], and the function of RNA 
polymerase III/RIG-I is controversial [ 55 ,  64 ] the role of the other DNA sensors in 
 L. pneumophila -induced type I IFN responses needs to be examined. 

 In addition to DNA sensing, detection of other bacterial molecules might con-
tribute to stimulation of type I IFN responses during  L. pneumophila  infection. For 
example,  Legionella  second messenger molecules such as the cyclic dinucleotide 
c-di-GMP might also be involved in triggering STING-dependent innate immune 
responses, as STING also serves as receptor for cyclic di-GMP (c-di-GMP) and 
c-di-AMP [ 66 ,  67 ]. Indeed, a recent study found that the amount of IFN-β expres-
sion in macrophages positively correlated with c-di-GMP levels in  L. pneumophila  
[ 68 ]. Moreover, one study indicated that recognition of  Legionella  RNA by the 
cytosolic RNA receptors RIG-I and MDA5 stimulated type I IFN response in mac-
rophages [ 55 ]. This is all summarized in Fig.  1 .

  Fig. 1    Overview of the type I IFN pathway and other important mechanisms that restrict 
 L. pneumophila  in macrophage as discussed in the main text       
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   Thus, further work is needed to fully understand which bacterial molecules and 
which host cell receptors stimulate type I IFN production during  L. pneumophila  
infections. Downstream of the sensor(s) and adapter molecules, the kinase TBK1 
and the transcription factor IRF3 are required for stimulating type I IFN responses 
to  L. pneumophila  [ 50 ,  51 ].  

    Function of Type I IFNs in  L. pneumophila  Infection 

 The fi rst evidence for a host-protective function of type I IFNs in  L. pneumophila  
infections came from a study by Schiavoni et al. [ 69 ]. The authors showed that treat-
ment with IFN-β inhibited growth of  L. pneumophila  in permissive murine A/J mac-
rophages, whereas addition of blocking anti-IFNα/β antibodies allowed bacterial 
growth in nonpermissive cells [ 69 ]. Subsequently, we showed that inhibition of 
IRF3 expression by RNAi, and thus suppression of type I IFN production, resulted 
in enhanced  L. pneumophila  replication in human cells. The enhanced bacterial 
replication in IRF3-depleted cells could be reversed by treatment of the cells with 
exogenous IFN-β [ 51 ]. Similarly, mouse macrophages defi cient in IRF3 or IFNAR 
(in C57Bl/6 background) allowed bacterial replication, whereas wild-type macro-
phages inhibit  L. pneumophila  replication [ 52 ,  70 ,  71 ]. These studies together show 
that endogenously produced type I IFN acts in an autocrine fashion to activate a 
macrophage-intrinsic antibacterial defense pathway that limits  L. pneumophila  
infection. Importantly, recombinant IFN-β inhibits the growth of fl agellin-defi cient 
 Legionella  in wild-type macrophages, indicating that the type I IFN-mediated anti-
bacterial defense acts independently of the fl agellin-detecting NAIP5 infl amma-
some [ 52 ]. Whereas activity of NAIP5 and type I IFN pathways effi ciently 
suppresses bacterial replication, functional defects in one of those pathways lead to 
a substantial growth of  L. pneumophila  in macrophages. 

 The mechanism of the type I IFN-mediated resistance pathway is still incom-
pletely understood but appears to act after LCV establishment, as it does not inter-
fere with the traffi cking of the LCV [ 52 ]. Our results further indicate that the type I 
IFN-mediated resistance pathway affects bacterial numbers in replication vacuoles 
by activating bacterial killing [ 52 ]. This pathway most likely involves the IFN- 
stimulated GTPase IRGM1 and other genes that are type I IFN-dependently up- 
regulated in  L. pneumophila -infected cells [ 52 ]. 

 During  L. pneumophila  lung infection in vivo, type I and II IFNs play a partly 
redundant role. Whereas mice defi cient for the IFNGR have impaired bacterial 
clearance from the lung compared to wild-type mice, mice lacking type I IFN sig-
naling show no defect [ 52 ]. However, mice lacking receptors for both type I and II 
IFNs have a strongly enhanced bacterial load after infection as compared to mice 
lacking only IFNGR [ 52 ]. Moreover, type I and II IFNs contribute to expression of 
IFN-stimulated genes in the lung during infection. Whereas some genes are depen-
dent on either type I or II IFNs, others such as IRGM1 are regulated by both types 
of IFNs [ 52 ]. Although further investigations are required, it appears reasonable to 
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assume that both types of IFNs stimulate defense against  L. pneumophila  through 
expression of antibacterial proteins that possibly locate to the LCV. Considering the 
partly redundant effects of the type I and II IFNs on  L. pneumophila  infection 
in vivo, these antibacterial proteins are possibly induced by both types of IFNs 
although IFNγ may be a stronger inducer.  

    Conclusion 

 Studies in  L. pneumophila  infection clearly show that type I IFNs can contribute 
to antibacterial immunity. Further research work is required to better understand 
how type I as well as II IFNs activate the macrophage-intrinsic antibacterial defense.     
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 The function of type I interferons (IFNs) in viral infections is well established and 
can be almost uniformly described as protective. In contrast, their role in the context 
of bacterial infections is much less clear, as both benefi cial and detrimental 
effects  of type I IFN signaling have been reported in animal models [ 1 ,  2 ]. Examples 
where type I IFNs confer a protective role can be found in cases of infection with 
 Salmonella typhimurium , Group B Streptococcus (GBS),  Legionella pneumophila , 
and  Streptococcus pneumoniae  [ 3 – 6 ]. The molecular mechanisms underlying type I 
IFN function in the context of these infections range from the induction of cytokines 
and iNOS, to the enhanced differentiation of infl ammatory macrophages, and may 
also include more complex processes, which orchestrate innate and adaptive 
immune responses. On the other hand, in cases of infection with  Listeria monocyto-
genes  and  Francisella tularensis , type I IFNs exert unfavorable functions [ 7 – 11 ]. 
Various mechanisms can explain these harmful effects, such as type I IFN-mediated 
apoptosis of infected lymphocytes and macrophages, IFN-dependent reduction of 
IL-17 production by γδT cells, or diminished neutrophil activity. In summary, it is 
currently not possible to identify the denominator of either benefi cial or detrimental 
effects of type I IFNs. Given the profound effects of these immunomodulatory cyto-
kines on the outcome of bacterial infections, elucidating their incompletely under-
stood induction by bacteria is of immense importance [ 12 ]. In the following, we will 
review the current understanding of the role of type I IFNs, as well as of the mecha-
nisms of their induction in host defense against  Streptococcus pyogenes  (Group A 
Streptococcus, GAS),  Streptococcus agalactiae  (GBS), and  S. pneumoniae . 
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These streptococcal species are major human pathogens which, despite a long 
history of intense research, continue to pose a serious health threat worldwide. In this 
context, new therapies employing modulation of cytokine activities are attractive 
yet underexplored strategies.  

    Group A Streptococcus ( S. pyogenes ) 

    Pathogenicity 

 GAS, also called  S. pyogenes , is a leading Gram-positive human pathogen. GAS 
causes a broad range of mostly self-limiting diseases including pharyngitis (strep 
throat), scarlet fever or impetigo [ 13 ,  14 ]. It may however establish invasive and 
life-threatening infections, such as necrotizing fasciitis and toxic shock, which 
result in mortality rates of more than 30 % [ 13 ]. GAS accounts for over 700 million 
mild and more than 650,000 severe invasive infections worldwide annually [ 15 ]. 
GAS and  S. pneumoniae  are the most frequently found coinfecting bacteria in speci-
mens of the 1918 infl uenza pandemic and in patients of the recent H1N1 infl uenza 
outbreak [ 16 ,  17 ]. Analysis of patient samples and animal studies reveal that the 
exceptionally wide range of GAS-caused diseases along with the transition from 
contained to invasive infections is determined by the virulence factor armament of 
a particular bacterial strain and by the genetic inventory of the host immune system 
[ 13 ,  18 – 20 ]. The underlying host–pathogen interactions are not well understood. 
Virulence factors include T cell-activating superantigens, surface-localized proteins 
such as the serotype-determining M protein interfering with the complement system 
and phagocytosis, the internalization-inhibiting hyaluronic acid capsule, secreted 
proteases with cytokine/chemokine-inactivating properties, secreted DNases that 
help bacterial dissemination, and the cytolysins SLO and SLS [ 19 ,  21 – 23 ]. 
Horizontal bacteriophage-mediated genetic transfer and the counteracting CRISPR 
system contribute to the virulence diversity observed between GAS strains [ 24 – 26 ]. 
On the host side, animal studies demonstrated that innate immune cells, most nota-
bly macrophages, dendritic cells, and neutrophils, play an essential role in success-
ful defense during subcutaneous infection, a model of invasive GAS infection 
[ 27 – 29 ]. In models of upper respiratory tract infections, mucosal Th17 cells have 
been found to exert protective effects although the specifi c effector function of these 
cells in GAS infections remain to be identifi ed [ 30 ,  31 ]. IL-17-mediated activation 
of antibacterial innate immune mechanisms could be involved in the Th17- 
dependent defense. Interestingly, in mice the variability of individual innate immune 
responses contributes to differences in susceptibility to GAS infections more than 
the variability in T cell-mediated responses [ 32 ]. 

 Despite the fact that GAS is a human-specifi c pathogen, and mice are resistant 
against GAS outside of laboratory conditions [ 33 ,  34 ], animal infection models are 
invaluable for understanding GAS diseases and improvements of current therapies. 
Consistently, much of what is known about host–pathogen interactions in GAS 
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infections has been established from studies using gene-targeted mice. In future 
studies, the use of humanized mice [ 35 ] will be helpful for functional and mecha-
nistic assessment of GAS virulence factors that target human but not murine 
defense systems.  

    Type I IFN Induction 

 GAS activates type I IFN production by both human and mouse innate immune cells 
[ 4 ,  36 – 38 ]. In addition, GAS infection of primary human macrophages triggers an 
IFN signaling signature resulting, among others, in the activation of the transcrip-
tion factor STAT1 [ 37 ]. This signaling signature is prevented by antibodies neutral-
izing IFN-α and IFN-β; however, the precise nature of type I IFNs induced by GAS 
in human cells remains unclear. In mice, primary bone marrow-derived macro-
phages (BMDMs) and conventional dendritic cells (cDCs), but not plasmacytoid 
dendritic cells (pDCs), were shown to produce IFN-β upon GAS infection [ 36 ,  38 ]. 
In fact, GAS-derived DNA triggers IFN-β in macrophages, whereas GAS RNA 
stimulates IFN-β in cDCs [ 38 ] (Table  1 ). Generally, IFN-β is the primary type I IFN 

         Table 1    Ligands, host cell signaling proteins, and cell types inducing type I IFNs in streptococcal 
infections   

 Pathogen  Ligand  Signaling proteins  Host cells  References 

 GAS  DNA 
 RNA 
 Live bacteria 
 Live bacteria 

 MyD88, STING, 
TBK1, IRF3 
 MyD88, IRF5 
 TLR7, MyD88, 
IRF1 
 STAT1, IRF1, 
MxA 

 BMDMs (mice) 
 cDCs (mice) 
 cDCs (mice) 
 Human primary 
macrophages 

 [ 36 ,  38 ] 
 [ 36 ,  38 ] 
 [ 4 ] 
 [ 37 ] 

 GBS  DNA 
 RNA 

 TBK1, IRF3 
 TLR7, MyD88 

 BMDMs (mice) 
 Peritoneal macrophages 
(mice) 
 cDCs (mice) 

 [ 75 ] 
 [ 74 ] 
 [ 4 ] 

  S. pneumoniae   DNA  DAI, TBK1, 
STING, IRF3 

 Nasal epithelial cells, 
epithelial cell of the 
respiratory tract cDCs 
(mice) 
 Nasal lymphoid 
associated tissues (mice) 
 Alveolar macrophages 
(humans, mice), 
BMDMs (mice) 

 [ 6 ,  55 ] 
 [ 91 ] 
 [ 92 ] 

   IFN  interferon,  MyD88  myeloid differentiation primary-response protein 88,  TBK1  TANK-binding 
kinase,  STING  stimulator of IFN genes,  IRF  IFN regulatory factor,  STAT1  signal inducer and acti-
vator of transcription 1,  TLR7  toll-like receptor 7,  DAI  DNA-dependent activator of IRFs,  BMDMs  
bone marrow-derived macrophages,  cDCs  conventional dendritic cells  
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produced upon infection—it up-regulates the transcription factor IRF7 which then 
triggers IFN-α genes [ 39 ].

   GAS-induced IFN-β activates the transcription factor STAT1 and STAT1 target 
genes in an IFNAR (type I IFN receptor)-dependent manner, confi rming and clari-
fying a functional involvement of IFN signaling downstream of type I IFN produc-
tion [ 36 ]. In contrast, the mechanism of type I IFN induction by GAS is incompletely 
understood (Fig.  1 ). Most importantly, the pattern recognition receptors (PRRs) 
triggering the IFN-β gene are not known [ 38 ]. In general, the identity of PRRs able 
to sense GAS remains one of the most challenging questions. The sole involvement 
of TLR2, the PRR recognizing cell wall components of Gram-positive bacteria, as 
well as of TLR1, TLR4, and TLR6 have been excluded [ 36 ,  38 ,  40 ]. Similarly, 
nucleic acid- recognizing TLR3, TLR7, and TLR9 are dispensable for production of 
infl ammatory cytokines and type I IFNs by GAS-infected innate immune cells [ 36 , 
 38 ,  40 ]. Further, type I IFNs are induced independently of the cytosolic PRRs 
NOD1 and NOD2 [ 38 ], which were shown to be required for IFN-β stimulation in 
several viral and bacterial infection models [ 41 ,  42 ]. Attempts at identifying the 
proximal GAS sensor have been performed employing cells derived from mice defi -
cient in multiple TLRs. TLR2/TLR4 and TLR2/TLR6 double-defi cient BMDMs 
and cDCs were not impaired in GAS recognition. It remains to be elucidated 

TBK1

IRF3 IRF5

MyD88

IFN-b

Phagolysosomal
processing

GAS DNA GAS RNA

Endosome
Endosome

Nucleus

GAS
GAS

Macrophage cDC

PRR PRR

  Fig. 1    Type IFN signaling and induction by GAS. GAS-derived DNA induces IFN-β in macro-
phages in a TBK1- and IRF3-dependent way. GAS-derived RNA induces IFN-β in cDCs via 
MyD88 and IRF5. Both pathways require functional phagocytosis and endosomal signaling       
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whether and how the newly characterized TLR13 is involved in GAS recognition 
and type I IFN  induction. TLR13 is activated by a conserved sequence within the 
23S rRNA of both Gram-negative and -positive bacteria [ 43 ,  44 ]. TLR13 stimula-
tion causes production of infl ammatory cytokines including TNF, IL-6, and IL-1β, 
but its role in type I IFN induction has not been clarifi ed yet. Similarly, the role of 
TLR13 in host defense against bacterial pathogens remains to be investigated 
despite the ability of this PRR to recognize RNA of important pathogens such as  S. 
aureus  or GAS [ 43 ,  45 ]. The fact that TLR13 is expressed in mice but not humans 
raises the question whether humans possess an alternative route of bacterial RNA 
recognition. Yet another receptor that could potentially play a role in type I IFN 
induction by GAS is the recently characterized cyclic GMP-AMP synthase (cGAS) 
which acts as a cytosolic DNA sensor [ 46 ,  47 ]. cGAS is a danger recognition recep-
tor which upon binding to DNA synthesizes the second messenger cyclic GMP-
AMP (cGAMP). cGAMP binds and activates the ER protein STING to trigger IRF3 
and IFN-β gene expression [ 48 ,  49 ]. While cGAS is involved in cellular defense 
against viruses [ 50 – 53 ], a role of cGAS in bacterial infections and/or in induction 
of type I IFNs by bacteria has not been demonstrated yet.

   Signaling events downstream of the type I IFN-inducing GAS-specifi c PRRs are 
better understood (Fig.  1  and Table  1 ). Activation of  Ifnb  gene expression by GAS- 
derived DNA in macrophages is dependent on the TBK1 kinase and the transcrip-
tion factor IRF3 [ 38 ]. In contrast, the IFN-β-inducing pathway triggered by GAS 
RNA in cDCs requires the adaptor MyD88 as well as the transcription factor IRF5, 
but not IRF3 [ 38 ]. Uptake of GAS is needed for triggering IFN-β production sug-
gesting that phagolysosomal processing of internalized GAS liberates the bacterial 
IFN-β inducers. Whether both BMDMs and cDCs are involved in IFN-β production 
in vivo and whether these cell types play a redundant or distinct roles have yet to be 
examined.  

    Type I IFN Functions 

 Mice lacking the type I IFN receptor IFNAR1 are more susceptible to subcutaneous 
GAS infection [ 38 ], a standard model of severe invasive cellulitis [ 20 ]. The mortal-
ity rate of GAS-infected IFNAR1-defi cient mice is 70 % whereas it is only 25 % in 
WT mice. IFNAR1 knockouts were shown to exhibit increased recruitment of neu-
trophils to the site of infection but the molecular and cellular basis of the benefi cial 
effects of type I IFNs in GAS infection remain to be elucidated. The high neutrophil 
number observed in mice lacking type I IFN signaling is consistent with previous 
observations demonstrating inhibitory effects of type I IFNs on macrophage pro-
duction of the chemokines CXCL1, CXCL2, and CCL2 during  S. pneumoniae  
infections [ 54 ,  55 ]. These chemokines play a key role in attracting neutrophils to the 
site of infection. It is at present unclear how the increased neutrophil recruitment in 
GAS-infected IFNAR knockout mice could evoke more detrimental disease. 
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One can speculate that an exaggerated infl ammatory response elicited by recruited 
neutrophils causes severe tissue damage, thereby allowing better dissemination of 
the pathogen. Such scenario is conceivable as GAS expresses several DNases that 
help liberate it from neutrophil extracellular traps (NETs) [ 56 ,  57 ]. Consistently, the 
DNase  Sda 1 is a potent virulence factor which promotes GAS to acquire an invasive 
infection phenotype [ 58 ]. GAS exhibits a profound propensity to induce NETs, 
structures that contain large amounts of infl ammation-promoting material such as 
neutrophil DNA, histones, and other chromatin-associated proteins [ 59 ,  60 ]. 
Interestingly, TLR9, a PRR able to sense self DNA [ 61 ], might be involved in sens-
ing GAS-induced NETs as it is benefi cial in an intraperitoneal model of GAS infec-
tion [ 62 ]. This indirect role of TLR9 in GAS infections is supported by the lack of 
effect of TLR9 knockout on direct GAS recognition by BMDMs and cDCs [ 4 ,  38 , 
 40 ]. Thus, the enhanced neutrophil recruitment in IFNAR1-defi cient mice might 
result in more intense, hence lethal infl ammation. Effects of type I IFNs on other 
immune reactions such as recruitment of macrophages by GAS-induced TNF [ 63 ], 
or IL-1β production by the GAS-activated NLRP3 infl ammasome [ 64 ], should be 
addressed in future studies to reveal the precise role of type I IFN signaling.   

    Group B Streptococcus ( S. agalactiae ) 

    Pathogenicity 

 GBS, also called  S. agalactiae , is a Gram-positive human pathogen and leading 
infectious agent in neonatal sepsis worldwide [ 65 ]. Neonatal sepsis causes over two 
million deaths annually, with decreasing incidence largely due to improved prophy-
lactic measures [ 66 ]. In early onset neonatal disease (within 6 days after birth), GBS 
is transmitted vertically from mothers vaginally colonized by the pathogen. In late 
onset disease (7–89 days after birth), GBS infection is usually a consequence of 
horizontal transfer in communities. GBS is also a signifi cant cause of maternal mor-
bidity (bacteremia, endometritis) [ 67 ]. GBS virulence factors include    the polysac-
charide capsule, membrane damaging exotoxins, and adherence molecules which 
enable evasion of the immune system and colonization of the host [ 68 ]. Innate 
immune system-derived TNF, IL-1β, and nitric oxide are key defense factors in host 
protection [ 69 – 71 ]. The vulnerability of neonates to GBS results in part from under-
developed adaptive immunity but more importantly from defi ciencies in innate 
immunity, including limited capacity of neutrophil production and increased risk of 
bone marrow exhaustion [ 67 ,  72 ]. The neonate immune insuffi ciency allows coloni-
zation and infection by GBS resulting mostly in meningitis or pneumonia. 
Prophylactic vaccination and immunomodulation appear the most promising 
approaches to eradicate GBS disease [ 67 ,  73 ].  
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    Type I IFN Induction and Function 

 Type I IFN signaling has a protective function in GBS infections: mice defi cient in 
either type I IFN receptor or IFN-β exhibit increased mortality in a neonatal infec-
tion model, both after intravenous or intraperitoneal GBS administration [ 74 ]. This 
lethal infection outcome is caused by uncontrolled bacteremia, suggesting that type 
I IFN signaling is required for launching a complete immune and antibacterial 
response. Both macrophages and cDCs, but not pDCs, were identifi ed as the source 
of type I IFNs [ 4 ,  74 ,  75 ] (Table  1 ). A direct comparison of type I IFN amounts 
indicate that cDCs are the major producers in vitro [ 4 ] but the principle type I IFN- 
producing cell in vivo has yet to be confi rmed. Type I IFN production is dependent 
on uptake and phagolysosomal processing of GBS [ 4 ,  75 ] (Fig.  2 ). In macrophages, 
GBS DNA was identifi ed as type I IFN inducer that acts along the TBK1 and IRF3 
axis [ 75 ] (Fig.  2  and Table  1 ). GBS DNA was proposed to escape phagosomes into 
the cytosol where it is detected by an unknown cytosolic DNA receptor, which is 
different from the double-stranded DNA sensor DAI [ 75 ,  76 ]. The inducer of type I 
IFNs in cDCs was shown to be GBS RNA, which was sensed in a MyD88-dependent 
manner in phagosomes of infected cells [ 4 ] (Fig.  2  and Table  1 ). The endosomal 
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  Fig. 2    Type IFN signaling and induction by GBS. Induction of type I IFNs by GBS requires 
uptake and phagolysosomal processing of the pathogen. In macrophages, GBS-derived DNA trig-
gers a cytosolic sensor which signals via TBK1 and IRF3 to induce IFN-β gene expression. In 
cDCs, GAS-derived RNA    triggers the in Unc93b-dependent way the endosomal TLR7 which sig-
nals via MyD88 toward the IFN-β gene       

 

Type I Interferons in Immune Defense Against Streptococci



50

TLR7 was found to be involved in sensing of GBS RNA. Interestingly, GBS RNA 
was reported to induce TNF in macrophages independently of TLR3, TLR7, and 
TLR8, but it required MyD88 [ 77 ]. This RNA recognition occurs in endosomal 
compartments as it is dependent on Unc93b, a chaperon fundamentally involved in 
traffi cking of endosomal TLRs. Together, these studies indicate that recognition of 
GBS is cell type-specifi c, and that GBS RNA induces type I IFNs in cDCs but not 
in macrophages. The molecular basis of the different outcome of GBS RNA sensing 
in macrophages and cDCs remains to be deciphered. As is the case with GAS, the 
analysis of the recently identifi ed sensors TLR13 and cGAS might be helpful in 
resolving the open questions.

         Streptococcus pneumoniae  

    Pathogenesis 

  S. pneumoniae  (pneumococcus) is a Gram-positive human pathogen regarded as the 
most frequent cause of community-acquired pneumonia [ 78 ,  79 ]. Pneumonia is the 
leading lethal infectious disease in developed countries [ 78 ,  79 ].  S. pneumoniae  is 
one of the most prominent examples of a human-specifi c commensal microbe that 
frequently turns into an infectious agent.  S. pneumoniae  asymptomatically colo-
nizes the nasopharynx in up to 60 % of all preschool children. Yet,  S. pneumoniae  
represents the prime bacterial killer among children below the age of 5 with 1.2 
million deaths annually worldwide.  S. pneumoniae  also poses a serious health risk 
to elderly people as a consequence of age-related immunosenescence. Of particular 
importance is a secondary  S. pneumoniae  infection of infl uenza patients,  S. pneu-
moniae  is one of the most frequent coinfecting pathogens in cases of infl uenza out-
breaks [ 16 ,  17 ]. Both the genetic makeup of the pathogen and the condition of the 
host immune system play decisive roles in the transition from a commensal microbe 
into invasive pathogen. However, the exact parameters regulating this shift are not 
well understood.  S. pneumoniae  occurs in more than 90 serotypes which differ in 
their virulence. The serotypes are characterized by their polysaccharide capsule, 
which plays an important role in evasion of the immune system by inhibiting phago-
cytosis and complement binding [ 80 ]. An armament of other virulence factors 
including pneumolysin, hyaluronidase, neuraminidase, the serine protease PrtA, 
cholin-binding proteins, etc. contribute to various extents to pneumococcal diseases 
[ 81 ,  82 ]. The immune response against  S. pneumoniae  is initiated by its interactions 
with innate immune receptors. TLR2 is triggered by  S. pneumoniae  cell wall com-
ponents (e.g., LTA), TLR4 can be activated by pneumolysin and TLR9 recognizes 
pneumococcal DNA [ 80 ,  83 – 86 ]. Furthermore, the cytosolic receptors NLRP3, 
NOD2, and AIM2 contribute to  S. pneumoniae -induced infl ammatory cytokine 
induction [ 80 ,  87 – 90 ].  
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    Type I IFN Induction 

  S. pneumoniae  induces type I IFNs in nasal-associated lymphoid and epithelial 
 tissues, as well as in human and mouse alveolar macrophages and mouse BMDMs 
[ 6 ,  55 ,  91 ,  92 ]. The type I IFN inducer is  S. pneumoniae  DNA, which is recog-
nized upon internalization of the pathogen and/or pneumolysin-dependent cyto-
solic delivery [ 6 ] (Table  1 ). The double-stranded DNA sensor DAI participates in 
the detection of  S. pneumoniae  DNA as DAI-defi cient cells produce less IFN-β 
than control cells [ 6 ] (Fig.  3 ). Similar to GAS and GBS, the signaling pathway 
downstream of the proximal sensor includes TBK1, STING and IRF3, and is pos-
sibly indirectly dependent on NOD2 [ 6 ,  55 ] (Fig.  3  and Table  1 ). Signal transduc-
tion toward the IFN-β gene proceeds in the absence of TLR4, MyD88, NOD2, and 
TRIF. Thus, the IFN-β- inducing properties of  S. pneumoniae -derived DNA 
resemble those of GAS and GBS. It remains to be investigated whether  S. pneu-
moniae  RNA also possesses immunostimulatory capabilities as described for 
GAS and GBS.
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  Fig. 3    Type IFN signaling and induction by  S. pneumoniae . The cytosolic DNA sensor DAI and 
other cytosolic DNA receptors are involved in the induction of the IFN-β by  S. pneumoniae . 
Induction of IFN-β is dependent on STING, TBK1, and IRF3       
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       Type I IFN Function 

 Intravenous infection of type I IFN signaling-defi cient mice with  S. pneumoniae  
results in increased lethality [ 74 ]. Further evidence for a benefi cial role of type I 
IFNs was provided by a study using a more natural route of infection, i.e., intranasal 
[ 6 ]. This particular study reported an impaired clearance of the pathogen from the 
site of infection, i.e., from the upper respiratory tract, in mice lacking IFNAR1, 
despite more potent recruitment of monocytes and dendritic cells. The exact mecha-
nism of how type I IFNs elicit protective effects in pneumococcal infections remains 
to be characterized. 

 A distinct mode of pneumococcal infection is represented by coinfections with 
the infl uenza virus. These coinfections exhibit high morbidity and are life threaten-
ing in elderly patients. In animal models of coinfections, mice are fi rst exposed to 
the infl uenza virus and a few days later  S. pneumoniae  is delivered intranasally. 
Both,  S. pneumoniae  and infl uenza virus are able to induce type I IFNs. Coinfections 
lead to synergistic induction of type I IFNs and, remarkably, this high level of type 
I IFN signaling is detrimental to the host [ 54 ,  55 ,  93 ]. The mechanisms of the harm-
ful effects of type I IFNs on post-infl uenza bacterial infection include decreased 
production of the chemokines CCL2, CXCL1, and CXCL2, which act as chemoat-
tractants for monocytes and neutrophils. As a result, less monocytes and neutrophils 
are recruited to infected tissues, although the precise nature of the most affected 
leukocytes is a matter of debate [ 54 ,  55 ]. Further studies are needed to clarify the 
molecular principles of coinfections. Such studies should particularly address the 
inability to tolerate tissue damage, which has recently been reported to play a criti-
cal role in infl uenza and  L. pneumophila  coinfections [ 94 ].   

    Type I Interferons in Streptococcal Infections: 
Unifying Themes and Divergences 

 Although they share several common features, GAS, GBS, and  S. pneumoniae  
cause diverse diseases in humans. They are Gram-positive encapsulated pathogens 
exhibiting a largely extracellular life cycle. Their key virulence factors are cytoly-
sins, which possess cytotoxic properties and promote intracellular survival and/or 
phagolysosomal damage. These pathogens’ ability to survive and grow within 
infected cells is very limited, although it has been reported that GAS is capable of 
acquiring a signifi cant intracellular life span [ 13 ,  95 ]. Nonetheless, most internal-
ized GAS are effi ciently killed by the host phagolysosomal lytic and oxidative 
mechanisms. GAS that has escaped from the hostile phagosomal environment is 
rapidly recognized in the cytosol by the autophagy machinery and eradicated 
[ 96 ,  97 ]. The highly successful destruction of streptococci in the phagosomes results 
in the release of, among others, bacterial nucleic acids, which can act as type I IFN 
inducers. Consequently, endosomal recognition of GAS and GBS RNA induces 
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type I IFNs [ 4 ,  38 ]. In this context, the role of  S. pneumoniae  RNA has yet to be 
investigated. In contrast, all three streptococcal species have been reported to induce 
type I IFNs by their DNA, which is sensed by cytosolic DNA receptors [ 6 ,  38 ,  75 ]. 
Cytolysins are likely to be involved in the passage of DNA through the phagosomal 
membrane, but the precise mechanisms of streptococcal DNA delivery into the host 
cell cytosol remain unclear. The issue of type I IFN-inducing receptors also requires 
further investigation. Whereas TLR7 was identifi ed as the RNA-sensing type I IFN 
inducer in response to GBS but not GAS [ 4 ,  38 ], the DNA sensor DAI was found to 
induce type I IFNs in response to  S. pneumoniae  but not GBS [ 6 ,  75 ]. Future stud-
ies, now also include newly identifi ed receptors, will show whether there are com-
mon type I IFN-inducing pathways in streptococcal infections. 

 Type I IFNs exhibit protective functions in infections against all three streptococ-
cal species discussed here, yet the precise nature of these benefi cial functions are 
not well explained. As the three streptococcal species cause different diseases and 
display in part different tissue tropism, the mode of action of type I IFNs will most 
likely involve multiple possibly non-overlapping mechanisms. Elucidation of type I 
IFN functions is essential for our better understanding of the surprisingly detrimen-
tal effects of these cytokines during viral coinfections [ 54 ,  55 ,  93 ]. Further, it has yet 
to be investigated whether the negative impact of type I IFNs during coinfections is 
restricted to respiratory pathogens.  

    Outlook 

 Despite signifi cant advances in our understating of type I IFNs in bacterial infec-
tions, the key questions remain unresolved for most bacterial pathogens. These 
questions include the identity of type I IFN-inducing sensors and the specifi c effec-
tor functions of type I IFNs. Analyses of a broader range of innate immune recep-
tors, ideally by employing unbiased approaches such as mass spectroscopy or 
genetic screens, will give us a more comprehensive picture of type I IFN induction. 
To elucidate the effector functions of type I IFNs, better infection models are 
needed. These will have to include animals allowing cell type-specifi c deletion of 
IFNAR1 [ 98 ], analysis of animals lacking different type I IFNs (particularly IFN-β), 
and in vivo and intravital imaging techniques. A so far unexplored aspect in strepto-
coccal infections is the timing of type I IFN signaling. In the view of recent fi ndings 
describing an unexpected harmful function of type I IFNs during persistent viral 
infections [ 99 ,  100 ], time-resolved analysis of type I IFN signaling in streptococcal 
infections and viral coinfections will need to be conducted in future studies. Another 
major challenge is the evaluation of the relevance of animal studies for the under-
standing of streptococcal diseases in humans. Clearly, the use of gene-targeted mice 
will remain fundamental for mechanistic and proof-of-principle studies. However, 
the increasingly better understood differences between the human and mouse 
immune systems, including their partially different repertoires of innate immune 
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receptors, should be carefully considered when using animal models for human-
specifi c pathogens. 

 Modulation of immune responses is recognized as a highly promising approach 
in the treatment of severe infectious diseases, and it may be the sole strategy for the 
treatment of acute life-threatening conditions such as streptococcal toxic shock 
 syndrome. Type I IFNs are major immune modulators, possessing both immunos-
timulatory and immunosuppressive properties [ 101 ,  102 ]; as such, the elucidation 
of their mechanism of action in streptococcal infections could eventually establish 
type I IFN signaling as a target for novel therapies.     
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           Introduction 

  Staphylococcus aureus  is a Gram positive pathogen that is a signifi cant cause of 
skin and soft tissue infections as well as pneumonia.  S. aureus  is the most com-
mon pathogen associated with skin and soft tissue infection resulting in over 11 
million ambulatory care visits in the USA alone [ 1 ]. The emergence of antibiotic 
resistant strains of  S. aureus  is an increasing problem for the treatment of patients. 
The rise of methicillin resistant  S. aureus  (MRSA) is of particular concern. 
Methicillin resistance is encoded by the  mec  element and MRSA strains such as 
the USA300 isolates from the USA are highly prevalent within the community 
[ 2 – 4 ]. In the context of skin infections, USA300 strains possess the arginine cata-
bolic mobile element (ACME) [ 5 ] that allows it to thrive in the acidic environment 
of the skin. 

 Lung infections cause more disease burden than cancer or HIV, with pneumonia 
leading to millions of deaths across the globe annually [ 6 – 8 ]. Pneumonia is also of 
increasing concern with an aging population and is the leading cause of hospitaliza-
tion (disability-adjusted life-years lost) [ 9 ]. A large proportion of the population 
(30 %) [ 10 ] are asymptomatic carriers of  S. aureus  and evidence suggests that car-
riage increases the risk of infection. Chronic carriers have higher rates of infection 
and the strains isolated from infection sites are usually the same as those colonizing 
the nose [ 11 – 14 ]. There is a direct correlation between reducing disease and decreas-
ing colonization and as such “de-colonization” of patients prior to surgery is com-
mon place and also provides economic savings [ 15 – 17 ]. 
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 A vaccine does not exist for the prevention of  S. aureus  infection and while anti-
biotics are available to treat infection morbidity and mortality is still high [ 8 ]. 
Increasing evidence suggests that much of the pathology associated with  S. aureus  
infection relates to the intensity of the host response and interventions that aim to 
subdue this response might prove benefi cial in treatment [ 18 ,  19 ]. One such host 
pathway that has been examined is the type I interferon (IFN) pathway.  

    Co-infection Between  S. aureus  and Infl uenza 

  S. aureus  is a major complication of infl uenza infection. Secondary pneumonia 
 subsequent to infl uenza virus infection is a major cause of morbidity and mortality, 
with  S. aureus  being one of the major causative agents [ 7 ,  20 ,  21 ]. Analysis of bod-
ies that contracted and subsequently died from the infl uenza pandemics of 1918 and 
1957 show a high proportion of bacterial co-infection [ 22 ,  23 ]. Type I IFN signaling 
is known to be highly induced by infl uenza virus and activation of type I IFNs is 
important for host protection [ 24 ,  25 ]. Several studies have attempted to model 
infl uenza and  S. aureus  co-infection to address the role of type I IFNs in the 
increased susceptibility to  S. aureus  infection post infl uenza insult. 

 Models of  S. aureus  superinfection mimic the etiology of human infection. Mice 
are infected with infl uenza virus several days prior to bacterial insult. In this murine 
superinfection model mice that receive infl uenza virus fair worse than mice infected 
with bacteria alone, regardless of the route of infection (intranasal, intratracheal, or 
intravenous) [ 26 ,  27 ]. Superinfected mice exhibit increased pathology, with higher 
infi ltrates, areas of necrosis, and score higher on outcomes of lung injury [ 26 ,  27 ]. 
In many cases this superinfection leads to increased mortality and higher bacterial 
loads in both the airway and lung tissue [ 27 ]. There are varying reports regarding a 
link between specifi c cell types contributing to the poorer outcome during superin-
fection. Lee et al. [ 27 ] observed increased neutrophil recruitment during superinfec-
tion with decreased levels of macrophages and dendritic cells. Kudva et al. [ 28 ] also 
observed increased neutrophils but also saw increased macrophages, while deple-
tion of various cells types had no effect on bacterial counts or weight loss [ 26 ]. 
Studies by Kudva et al. [ 28 ] identifi ed a link between type I IFN signaling and the 
enhanced susceptibility to bacterial infection. 

 Kudva et al. [ 28 ] observed that upon infection with  S. aureus  there were 
increased Th17 cells. They further showed that the Th17 cytokines such as IL-17 
and IL-22 were involved in bacterial clearance. Mice unable to respond or produce 
IL-17 and IL-22 were impaired in their ability to clear  S. aureus;  however infl u-
enza infection led to decreased production of the Th17 cytokines IL-22 and IL-23 
as well as gamma delta T cells that produce IL-17. IL-17-producing gamma delta 
T cells are known to be suppressed by type I IFNs [ 29 ]. Kudva et al. then showed 
that the infl uenza induced reduction in IL-17 was dependent on type I IFN signal-
ing and thus were able to demonstrate a link between infl uenza infection, type I 
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IFN signaling and the ability to clear  S. aureus  from the lung [ 28 ]. The ability of 
type I IFN signaling to enhance susceptibility to infection has been further shown 
by pre-treating mice with the TLR3 ligand poly(I:C) followed by intratracheal 
administration of  S. aureus . Poly(I:C) treated mice had increased bacterial loads 
and this effect was ameliorated in an  Ifnar  −/−  background [ 30 ]. Likewise when  S. 
aureus  is given to mice, the type I IFNs generated lead to protection against viral 
infections [ 31 ]. 

 The negative impact of type I IFN signaling on superinfection has also been 
studied in other models of infection. Prior infection of mice with lymphocytic cho-
riomeningitis virus (LCMV) that stimulates a strong type I IFN response, followed 
by intravenous inoculation of  S. aureus  results in signifi cant increases in bacterial 
loads in the lung and kidney [ 32 ]. In the absence of IFNAR, bacterial densities are 
equivalent to naïve mice not exposed to LCMV.  

    Role of Type I IFN Signaling in  S. aureus  Infection 

 The role of type I IFN signaling in primary infections with  S. aureus  has been 
examined in murine models. In models of primary respiratory infection with  
S. aureus , type I IFN signaling appears to play a negative role in outcome.  Ifnar  −/−  
mice have reduced mortality to  S. aureus  compared to wild-type mice. At lower, 
non-lethal doses of bacteria to examine the cellular response, a reduction in TNF is 
observed in the airway, while increases have been observed in serum [ 33 ]. The cor-
relation between improved outcome and a reduction in TNF is consistent with pre-
vious studies [ 34 ]. Bacterial burden in  Ifnar  −/−  mice varies between studies of 
pulmonary infection, from minor to a 20-fold reduction [ 33 ,  35 ]. It is possible that 
type I IFN signaling does not participate directly in bacterial clearance, but its infl u-
ence on proinfl ammatory signaling does alter the eventual outcome of infection. 
This infl uence was evident when a strain of  S. aureus  that induces high levels of 
 Ifnb  was examined.  Ifnar  −/−  mice had improved pulmonary pathology in response to 
 S. aureus  strain 502A (Fig.  1 ), reduced consolidation and improved alveolar archi-
tecture as well as reduction in proinfl ammatory cytokines such as KC and IL-1β 
[ 36 ]. In a model of skin infection it was observed that in contrast to the lung, induc-
tion of  Ifnb  is important in controlling the infection [ 37 ]. The addition of IFN-β to 
mice in a subcutaneous model of infection led to improved clearance of  S. aureus  
and reduced lesion sizes, indicating differing roles for type I IFNs depending upon 
the site of infection.
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       Activation of Type I IFN Signaling by  S. aureus  

 Given the importance of type I IFN signaling in  S. aureus  infection, the mechanisms 
for how it induces the interferon pathway have been examined in several cell types, 
including epithelial and dendritic cells. In airway epithelial cells [ 33 ]  S. aureus  
USA300 rapidly activates the type I IFN pathway within 2 h. At this point phos-
phorylation of STAT1 and STAT2 is evident as well as induction of  Ifnb ,  Mx1 ,  Lif , 
and  Il6 . Although not proven in vivo, in vitro it is suggested that protein A of 
 S. aureus  activates type I IFN signaling. The most compelling data is that the vari-
able region of protein A transfected into epithelial cells can induce  Ifnb  expression 
while those with the control vector do not [ 33 ]. 

 The ability of  S. aureus  to activate type I IFN signaling in phagocytic cells has 
been well documented [ 31 ,  35 ,  38 ,  39 ]. In dendritic cells (DCs) it has been observed 
that several of the major factors of USA300  S. aureus  are not involved in type I IFN 
activation, such as α-toxin, Panton Valentine toxin, and protein A. Relatively high 
levels of  Ifnb  induction are observed upon stimulation with  S. aureus . As observed 
in epithelial cells [ 33 ], upon stimulation by  S. aureus,  DCs phosphorylate STAT1 
and lead to induction of genes such as  Ifnb ,  Mx1 , and  Cxcl10  within hours. The 
induction of these genes is dependent upon autocrine signaling as cells lacking 
IFNAR show reduced gene induction [ 35 ]. The induction of type I IFN by  S. aureus  

  Fig. 1    Role of type I IFN in pulmonary pathology to  S. aureus  infection. Normal (C57Bl/6J) 
inbred mice and  Ifnar  −/−  mice were infected with 10 7  colony forming units of  S. aureus  for 24 h. 
Lungs were fi xed in 4 % paraformaldehdye before sectioning and staining with H&E.  Source : 
Dane Parker and Alice Prince, Columbia University USA       
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USA300 in DCs is not dependent on surface TLR expression; however, DCs do 
require uptake of  S. aureus  to signal type I IFN. Inhibition of phagocytosis with 
various inhibitors negates  Ifnb  induction, as does inhibition of endosomal acidifi ca-
tion with chloroquine [ 35 ,  37 ,  40 ]. Inhibition by chloroquine suggests the involve-
ment of an endosomal receptor and it has been shown that TLR9 and MyD88 are 
required to induce type I IFN signaling. Additional adapters such as TRIF or other 
endosomal receptors such as TLR7 are not involved. Consistent with the role of 
TLR9, IRF1 was also found to be involved in the  S. aureus  induced signaling cas-
cade [ 41 ]. Although not examined by the Parker et al. study [ 35 ], previous work has 
identifi ed that lipoteichoic acid of  S. aureus  can increase IFN-α via IRF2 and IRF1 
[ 42 ]. The role of  S. aureus  DNA in signaling type I IFN via TLR9 was confi rmed 
using bacterial lysates that had been treated with nucleases, with DNase causing a 
signifi cant decrease in type I IFN signaling (Fig.  2 ) [ 35 ]. It is likely then that this 
sensing by TLR9 is part of normal cell processing of bacteria and not an active 
response induced by  S. aureus .

   At the gene level,  Tlr9  −/−  DCs did not show changes in proinfl ammatory gene 
transcription, the exception being  Cxcl10 . However, at the protein level a reduction 
in TNF was observed. The reduction in TNF by  Tlr9  −/−  DCs was not as great as that 
observed in  MyD88  −/−  DCs in response to  S. aureus . The importance of TLR9 has 
been tested in a murine model of acute pneumonia.  Tlr9  −/−  mice show an improved 
response compared to wild-type mice when infected with  S. aureus  USA300. 

  Fig. 2    Activation of type I IFN signaling by  S. aureus . Receptors and pathways involved in activa-
tion of type I IFN signaling by  S. aureus  strains in dendritic cells       
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Mice lacking TLR9 had improved clearance of bacteria from the airway and at 
higher inoculums had reduced rates of mortality. Minimal cytokine differences are 
observed between wild-type of  Tlr9  −/−  mice, with the major difference being a 
reduction in TNF. This result is not surprising given the known negative role TNF 
plays in  S. aureus  pneumonia [ 34 ]. 

 Recent work has indicated that TLR9 is not the only receptor involved in type I 
IFN activation by  S. aureus  and there exists variation within the species. This obser-
vation was made using the  S. aureus  strain 502A. 502A is an important clinical 
strain used in the 1960s for bacterial interference studies, whereby neonates were 
inoculated with 502A to protect them from infection by the circulating invasive 
strain during that time period [ 43 ]. This ability to colonize and not invade by 502A 
has been replicated in several skin and airway epithelial cells lines [ 36 ]. Comparison 
of the USA300 and 502A genomes revealed that 502A encodes a similar virulence 
factor repertoire to USA300. Studies undertaken to determine the host response to 
these clinically disparate strains identifi ed a signifi cant difference in the ability of 
502A to induce type I IFN signaling. 502A induced signifi cantly higher levels of 
 Ifnb  compared to USA300 in various cell types [ 36 ]. In phagocytic cells  Ifnb  was 
the only gene upregulated, with other proinfl ammatory genes unchanged. This 
observation suggested type I IFN signaling may be important in the ability of 502A 
to prevent infection from invasive isolates. 

 The mechanism of type I IFN induction by 502A differs to that of USA300. 
Unlike USA300, live 502A is required to induce an interferon response. Heat-killed 
organisms induce signifi cantly less  Ifnb , to levels analogous of USA300. In DC, 
uptake is still required but chloroquine does not inhibit induction of  Ifnb , indicating 
that 502A does not signal through TLR9 [ 36 ]. Screening of several TLR and adapter 
proteins identifi ed a unique pathway to IFN activation.  S. aureus  502A signals via 
the peptidoglycan receptor NOD2. Consistent with a role for NOD2, its downstream 
kinase RIP2 and IRF5 were also involved (Fig.  2 ) [ 36 ]. Several potential interferon 
agonists (i.e., DNA, RNA, cell wall extracts) from 502A and USA300 were com-
pared, but all gave similar levels of induction, including peptidoglycan, indicating 
that it was not a structural difference in peptidoglycan causing the enhanced 
response by 502A, but potentially differential regulation and/or release. 

 One mechanism for the enhanced interferon response by 502A is autolysis. 
Autolysis is a natural bacterial process that leads to cellular lysis and subsequent 
release of intracellular products and cell wall fragments. Proteomic analysis of 
secreted proteins by USA300 and 502A identifi ed that 502A secreted more of the 
major staphylococcal autolysin, Atl. 502A displays enhanced autolysis in triton 
X-100 autolysis assays as well as an increased growth rate. Consistent with a role 
for peptidoglycan and autolysis in type I IFN activation by 502A, 502A is also more 
susceptible to lysostaphin [ 36 ]. Lysostaphin, produced by other species of staphylo-
cocci, is an endopeptidase that cleaves cross-links in the peptidoglycan of staphylo-
cocci. These observations are partially consistent with other reports that  S. aureus  is 
a naturally low inducer of type I IFNs and this low induction is due to lysozyme 
resistance [ 37 ]. While 502A is equally resistant to lysozyme, this is further evidence 
that the synthesis and turnover of the cell wall are likely to play a role in the ability 
of  S. aureus  to activate this host pathway.  
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    Conclusion 

  S. aureus  is an important bacterial pathogen that still causes signifi cant morbidity 
and mortality with the advent of antibiotics. The ability of this pathogen to activate 
the type I IFN pathway is clearly important in the context of pulmonary infection, 
be it primary or secondary pneumonia post infl uenza, in addition to skin/soft tissue 
infections. The ability of  S. aureus  to activate this pathway does not appear to be a 
single process, with multiple receptors involved that varies between strains, as well 
as the involvement of several different cell types. Future studies need to be focused 
on determining the host factors that contribute to the immunopathology of interfer-
ons and their ability to infl uence the outcome of infection, as well as their role in 
pathogenesis at different bodily sites. These studies will open novel avenues in 
immunomodulary therapy.     
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      Contribution of Interferon Signaling to Host 
Defense Against  Pseudomonas aeruginosa  

             Taylor     S.     Cohen     and     Alice     Prince    

           Introduction 

  Pseudomonas aeruginosa , an opportunistic bacterial pathogen, is not normally a 
component of the airway fl ora but is ubiquitous in the environment and especially 
common in health care-associated facilities [ 1 ,  2 ]. Aspiration or contamination of 
the airways with  P. aeruginosa  is an infrequent cause of pneumonia in a normal 
host, but is a common pathogen in immunocompromised and mechanically venti-
lated patients [ 1 – 4 ]. Clearance of  P. aeruginosa  from the host depends on recogni-
tion of the bacteria by the innate immune receptors, recruitment of phagocytic cells 
to the site of infection, and anti-infl ammatory signaling to minimize tissue damage. 
This chapter will focus on the role of type I interferon (IFN) in the host response to 
 P. aeruginosa , including how this pathway is activated, what signaling occurs 
downstream of type I IFNs, how they contribute to the host response, and specifi c 
genetic disorders that infl uence induction of type I IFNs.  

    Activation of Type I Interferon Signaling 

  P. aeruginosa  presents an array of pathogen-associated molecular patterns (PAMPs) 
such as lipopolysaccharide (LPS), lipoproteins, and fl agellin that initiate host sig-
naling. These PAMPs are recognized by an array of receptors, available at the cell 
surface or internally within endosomes or free in the cytoplasm. Toll-like receptors 
(TLRs) such as TLR2, TLR4, and TLR5 are expressed on the cell surface and signal 
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through the adaptor protein MyD88 to activate innate immune signaling. Recognition 
of PAMPs by intracellular receptors is generally required to initiate type I IFN sig-
naling, requiring the internalization of specifi c bacterial PAMPs such LPS and DNA 
[ 5 ,  6 ]. TLR4 is uniquely expressed on the cell surface and within endosomes where 
in conjunction with the adaptor TRIF it can activate type I IFN signaling via IRF3 
(Fig.  1a ) [ 7 ]. Of note, the majority, almost 75 %, of TLR4-dependent genes are 
controlled in a MyD88-independent manner [ 8 ]. As an airway pathogen,  P. aerugi-
nosa  sheds LPS into the airway lumen enabling uptake by epithelial as well as 
immune cells activating endosomal TLR4/TRIF signaling [ 9 ,  10 ]. In the context of 
 P. aeruginosa , TLR4 has been shown to be the primary receptor through which 
 P. aeruginosa  activates production of type I IFN [ 11 ].

       Contribution of Type I Signaling to Host Defense 
Against  P. aeruginosa  

  P. aeruginosa  is sensed by both airway epithelial cells and immune cells, activating 
primarily proinfl ammatory chemokines and cytokine expression through host rec-
ognition of bacterial PAMPs. In addition to common proinfl ammatory cytokines 
such as CXCL8 and TNF, type I IFN is also produced by epithelial cells and immune 
cells in response to the pathogen. Signaling through the ubiquitously expressed type 
I IFN receptor IFNAR and JAK/STAT kinases, type I IFN activates greater than 300 
downstream genes that contribute to the host response. The vast array of down-
stream genes and the global expression of IFNAR suggest that type I IFN participate 
in host defense in a tissue and “model” dependent fashion. 

 The role of type I IFN in host defense against  P. aeruginosa  has been examined 
in the context of both respiratory infection and sepsis. Some studies suggest a ben-
efi cial contribution of type I IFN signaling to the host response to  P. aeruginosa , 
while others demonstrate little to no effect of inhibiting or activating this pathway. 
Initial studies in the lung were conducted using TRIF-defi cient mice, which lack a 
key adapter protein linking TLR4 and type I IFN production, and demonstrated a 
requirement for TRIF-dependent signaling for the clearance of  P. aeruginosa  from 
the lung [ 12 ]. Macrophages lacking TRIF produced lower amounts of CCL5 

  Fig. 1    Type I IFN signaling pathway contributes to  P. aeruginosa  clearance. ( a ) TLR4-TRIF sig-
naling pathway. ( b ) TUNEL stained lung sections from PAK-infected WT or  Ifnar   −/−   mice. ( c ) 
TUNEL stained lung sections from PAK-infected WT mice pretreated with PBS or Poly(I:C)       
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(RANTES), TNF, and KC compared to wild-type macrophages in response to 
 P. aeruginosa . Similarly, lower levels of these cytokines were found in the lung of 
TRIF null mice following infection. TRIF induces both NF-κB and IRF3-dependent 
signaling, as evidenced by signifi cant reductions of KC and CCL5 in the TRIF 
knockout. A second study by the same group looked more specifi cally at the IRF3- 
IFN arm of the TRIF signaling pathway using mice lacking IRF3 [ 13 ]. Clearance of 
 P. aeruginosa  was signifi cantly impaired in IRF3 null mice, as was production of 
type I IFN and RANTES. Expression of NF-κB-dependent genes such as KC or 
TNF was not affected by the knockout of IRF3. To demonstrate more clearly that 
type I IFN is directly responsible for the clearance of  P. aeruginosa  the authors 
attempted to reconstitute the system with IFN-β but were unsuccessful possibly for 
technical reasons. A more direct assessment of the role of type I IFN was done using 
mice lacking the type I IFN receptor, IFNAR; and no difference in acute (18 h) 
clearance of  P. aeruginosa  from the lungs of IFNAR compared to WT mice or lung 
damage was observed (Fig.  1b ) [ 14 ]. 

 Benefi cial effects of type I IFN signaling have been documented. Stimulation of 
the TLR3-TRIF-IRF3 pathway with Poly(I:C) 24 h prior to infection with  P. aeru-
ginosa  improved clearance from the lung, while reducing expression of IL-1β and 
IL-18 in the airway and lung pathology (Fig.  1c ). Expression of other pro- 
infl ammatory cytokines such as KC and TNF were not affected. In vitro, IFN-β 
pretreatment of alveolar macrophages decreases IL-1β production in response to  
P. aeruginosa  [ 15 ]. These results, combined with elevated IL-1β levels observed in 
the airways of IFNAR null mice compared to WT mice at baseline, suggest that type 
I IFN acts to limit infl ammatory cytokine production over the course of  P. aerugi-
nosa  infection and perhaps reduce the infl ammatory tone in the lung. These data 
suggest a potential therapeutic use for type I IFN therapies in the context of  P. aeru-
ginosa  and other infl ammatory pneumonias. 

 The role of type I IFN has been less well studied in the context of other models 
of  P. aeruginosa  infection: results from two sepsis models came to opposite conclu-
sions on the role of type I IFN. In vivo models of sepsis suggest a role for type I IFN 
and specifi cally the downstream effector CXCL10 in the response to polymicrobial 
sepsis induced in the cecal ligation and puncture model. Using the IFNAR knockout 
mice there was a requirement for type I IFN for survival following a polymicrobial 
insult, cecal ligation, and puncture, yet a detrimental effect of type I IFN during LPS 
endotoxicosis [ 16 ]. In the context of a polymicrobial insult, signaling through 
IFNAR expressed on hematopoetic cells regulated a select set of cytokines includ-
ing CXCL10. Addition of CXCL10 to IFNAR mice improved survival do in part to 
increased phagocytic capacity of neutrophils. Enhanced neutrophil survival during 
LPS endotoxicosis, a less physiologic model in which phagocytosis of bacteria is 
not required, could contribute to increased tissue infl ammation and possibly explain 
the contrasting roles of type I IFN in this study. 

 A study by Dejager et al. [ 17 ] also examined the response of IFNAR null mice to 
polymicrobial sepsis, and found improved survival of IFNAR null mice compared 
to wild-type mice in the context of a polymicrobial insult, LPS endotoxicosis, or 
heat killed  P. aeruginosa . Importantly, this group demonstrated that neutralizing the 
type I IFN pathway in wild-type mice with antibody against IFNAR was protective. 
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Some key differences such as strain of mouse, severity of the insult, and the use of 
antibiotics exist and confound the interpretation of the two studies. This group 
administered antibiotics to the mice following cecal ligation and puncture to mimic 
clinical treatment, which makes comparison of this model to that of Kelly-Scumpia 
diffi cult. Killing of bacteria by antibiotics makes phagocytic killing of bacteria by 
immune cells unnecessary, skewing the model such that infl ammation caused by 
immune cells is more damaging than protective. In fact, protective effects of type I 
IFN inhibition were primarily observed with high dose antibiotic treatment, sug-
gesting a proinfl ammatory role for type I IFN during sterile infl ammation. Similar 
proinfl ammatory action of type I IFN has been observed in models of systemic 
TNF-induced infl ammation [ 18 ].  

    Linking Type I Interferon to Cystic Fibrosis 

 Patients with cystic fi brosis (CF) become colonized with  P. aeruginosa  leading to 
eventual respiratory failure due to the chronic infl ammatory state of the airways 
associated with the infection [ 19 ]. The literature suggests that initial colonization of 
the CF lung by  P. aeruginosa  is due to an epithelial specifi c defect in the ability to 
induce type I IFN signaling in response to TLR4 stimulation [ 11 ]. As a conse-
quence, epithelial participation in the innate immunity is compromised. 

 Epithelial production of type I IFN results in activation of immune cell popula-
tions, an event observed both in vitro in a human model system in which CF epithe-
lial cell supernatants were unable to activate peripheral blood dendritic cells and 
in vivo in mice receiving poly(I:C) prior to infection [ 11 ]. A similar observation was 
reported in mice lacking IRF3, a major component of the TLR4-IFN, were limited 
in their ability to recruit macrophages and neutrophils to the airway in response to 
 P. aeruginosa  [ 13 ]. Macrophage polarization and cytokine production are regulated 
by IFN signaling, and in the CF lung Th2 cytokines are predominant [ 20 ]. Type I 
IFN drives M1 macrophages that produce some of the Th1 family of cytokines; 
therefore reduced type I IFN in the CF airway could underlie the observed cytokine 
imbalance [ 21 ]. While the link between epithelial production of type I IFN and acti-
vation of immune cells in the CF lung has yet to be made in patients, these data sug-
gest that a defect in the CF epithelial cell related to the induction of type I IFN could 
contribute to respiratory colonization by  P. aeruginosa  and lung infl ammation.  

    Contribution of Other Interferons 

  P. aeruginosa  induces host production of type II and type III IFN in addition to type 
I IFN. Type II IFN, or IFN gamma, has been linked to tissue infl ammation in a 
model of systemic  P. aeruginosa  infection following cecal ligation and puncture 
[ 22 ]. The IFN gamma knockout mouse    was observed to have reduced IL-6 and 

T.S. Cohen and A. Prince



75

elevated IL-10 following  P. aeruginosa  infection, and were unable to eliminate the 
bacteria, do in part to a requirement for IFN gamma mediated macrophage killing 
of  P. aeruginosa  [ 23 ]. Reduced signaling induction in the knockout mouse could 
also be attributed to reduced MD2 expression, a key chaperone protein for LPS- 
TLR4 interaction that is regulated by type II IFN [ 24 ]. Addition of exogenous type 
II IFN to WT mice promoted infl ammatory cytokine production while not affecting 
bacterial clearance, suggesting that IFN gamma’s contribution to infl ammation is 
greater than its role in bacterial clearance. 

 Type III IFN is the least studied of the IFNs, especially in the context of bacterial 
infection. Similar to type I IFN, type III IFN activates the same set of greater than 
300 IFN-dependent genes downstream of JAK/STAT kinases [ 25 – 28 ].  P. aerugi-
nosa  activates type III IFN signaling during respiratory infection, and the secreted 
cytokine is sensed by respiratory epithelial cells [ 14 ]. As opposed to IFNAR null 
mice that clear  P. aeruginosa  in a manner comparable to wild-type mice, mice lack-
ing the receptor for type III IFN, IL-28R, have improved clearance of the bacteria 
from the lung [ 14 ]. Improved clearance correlates with reduced expression of 
infl ammatory cytokines in the airway and improved lung pathology. Unlike the 
ubiquitous expression of IFNAR, IL-28R expression is restricted to mucosal epithe-
lial cells [ 29 ]. A more limited cellular response to type III IFN in the lung could 
explain the differing phenotypes observed in the type I and type III IFN-specifi c 
knockout mice, although additional research is required to elucidate the specifi c 
downstream mechanisms.  

    Conclusion 

 The opportunist human pathogen  P. aeruginosa  is a potent stimulator of IFN signal-
ing in the host. Activating the TLR4-TRIF-IRF3-IFN pathway through release of 
LPS or DAI in response to bacterial DNA induces secretion of type I IFNs from 
innate immune cells and airway epithelial cells. Type I IFN, in the context of 
 P. aeruginosa  pneumonia, regulates production of infl ammatory cytokines such as 
IL-1β and IL-18 limiting the degree of host pathology. A similar protective effect 
was observed in a sepsis model of infection, although these results have yet to be 
confi rmed. Therefore in the context of  P. aeruginosa  infection it seems that induc-
tion of the type I IFN pathway plays a host protective role.     
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           TLR-Dependent Induction of Type I IFNs 

 During infectious disease a host can recognize pathogens by various receptors  unifi ed 
under the term pathogen recognition receptors (PRR). These receptors initiate signal-
ing cascades to alert the host immune system of the imminent danger associated with 
the invading pathogen, which commits the immune system to fi rst restraining and 
ultimately, clearing off the pathogen [ 1 ]. Such signaling results in activation of the 
innate immune response, which in turn leads to amplifi cation of the adaptive branch of 
the immune system [ 2 ]. Among the best described PRRs is the family of the Toll-like 
receptors (TLRs). These receptors are expressed by most if not all host cells, are local-
ized on the host cell surface and at the endosomal compartment or both cell surface 
and endosomes, depending on the cell type. For recognition and activation of TLR4 by 
LPS, a set of adaptor proteins, MD2 and CD14, are necessary. These adaptor proteins 
are located extracellularly. The MD2–TLR4 complex is able to distinguish smooth or 
rough forms of LPS [ 3 ], where CD14 relays the signal accordingly [ 4 ]. For the rough 
form, the signaling through TLR4 is MyD88- dependent, and when smooth LPS serves 
as ligand, the TRIF-mediated signaling cascade is the dominant form of downstream 
gene activation [ 4 ]. The distinction between smooth and rough form is based on the 
oligosaccharide component of the LPS [ 5 ,  6 ]. LPS on the surface of  Salmonella  is of 
the smooth form, which suggests that the TRIF pathway is the predominant mecha-
nism of type I IFN expression. The lipid A component of LPS is also highly infl amma-
tory, which activates the MyD88 pathway, and synthetic structures with modifi cation 
of lipid A have been shown to selectively induce the TRIF pathway [ 7 ]. Furthermore, 
the modifi cations of lipid A also determine how potent if any the signaling cascades 
are activated. Namely, LPS comprised of hexa- and hepta-acetylated lipid A is strongly 
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infl ammatory, in contrast to tetra-acetylated lipid A [ 8 ,  9 ]. The pathogenic  Salmonella  
LPS has the smooth oligosaccharide component and the hexa-acetylated lipid A. This 
assures that the host cells are strongly engaged and potent infl ammatory response is 
mounted. Type I interferon production in response to TLR4 engagement occurs pre-
dominantly through a MyD88 independent, TRIF-dependent mechanism [ 10 ]. 

 Recent studies have shown that  Salmonella  exploits this induction of a strong 
infl ammatory response to promote its intracellular survival [ 11 ,  12 ]. CpG treatment 
of mice that normally resolve  S. typhimurium  infection resulted in host susceptibil-
ity [ 12 ]. This was due to the enhanced intracellular proliferation of  Salmonella , 
which requires expression of the  Salmonella  pathogenicity island 2 (SPI-2) genes 
[ 12 ]. In another study, when TLR2-TLR4-TLR9 triple knock-out mice were infected 
with  Salmonella , they survived better than combinations of double knock-outs of 
the same TLR members [ 11 ]. Again this was shown to operate through induction of 
SPI-2 genes, which were induced in response to TLR engagement. Activated TLR9 
recruits MyD88, IRAK1, IRAK4, and TRAF6 to phosphorylate/activate IRF7, fol-
lowed by IRF7 translocation in the nucleus where it can activate type I IFNs produc-
tion [ 13 ]. This is summarized in Fig.  1 .
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  Fig. 1    Major induction pathways of type I IFNs by  Salmonella  and role of type I IFN during infec-
tion at the cellular level.  Salmonella  SPI-1 effectors induce its engulfment in a SCV or phagosome 
where the SPI-2 effectors get induced. Although many functions are described for SPI-2 effectors, it 
remains unclear whether they regulate type I IFN production. Once in the phagosome or SCV, acti-
vated TLR9 can relay signals to IRF7 to stimulate IRGs and the TLR5 similar to TLR4 via MyD88 
pathway activates the NF-κB complex. LPS activated TLR4, signals through MyD88 or TRIF-
dependent pathways. The MyD88 pathway, via activated NF-κB, leads to induction of proinfl amma-
tory cytokines and chemokines and the TRIF pathway leads to IRF3 activation and type I IFN 
production. The type I IFN produced then engages the IFNAR to induce production of several hun-
dreds of interferon regulated genes or gamma-activated sequences (GAS) via autocrine loop.  IKK  
inhibitor of NF kappa-B kinase,  TRAF  tumor necrosis factor receptor-associated factor       
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       Type III Secretion System-Dependent Induction of Type I IFN 

  Salmonella  infects various types of cells. While phagocytic cells such as  macrophages 
and dendritic cells can rapidly phagocytose  Salmonella , the non-phagocytic cells 
are infected through a type III secretion system (T3SS) encoded in the SPI-1 cluster 
of genes. The T3SSs are needle-like structures canonically used by bacteria to 
bridge bacterial cytoplasm with the host cytosol and translocate proteinaceous 
effector molecules, which in case of pathogenic bacteria subvert host cell signaling 
[ 14 ]. The SPI-1 induces host cell structures that promote engulfment of  Salmonella  
and its intracellular translocation into vacuoles, termed  Salmonella  containing vacu-
oles, SCVs. Professional phagocytic cells don’t require SPI-1 to phagocytose 
 Salmonella , and once intracellular, the host could potentially recognize other 
pathogen- associated molecular patterns (PAMPs) beside LPS. However, SPI-1 is 
active in the phagocytic cells as well. PrgJ, a capping protein    of the T3SS of SPI-1, 
gets removed from the needle structure of T3SS and enables secretion of  Salmonella  
effectors. This allows  Salmonella  to engage the NLRC4 infl ammasome [ 15 ]. 
Flagellin, which is expressed by  Salmonella , and is needed for its virulence, serves 
as a signal for TLR5 and NLRC4 infl ammasome engagement, which in turn leads 
to activation and production of proinfl ammatory cytokines [ 16 ]. The fl agellum is 
evolutionary related to the T3SS machinery and in certain conditions can secrete 
proteins as well [ 17 ,  18 ]. By engaging the infl ammasomes, the production of active 
IL-1β is maintained, which is able to positively feed into the type I IFN production 
by inhibiting the DUBA, deubiqutinase known to remove K63 ubiquitination of 
TRAF3 [ 19 ]. K63 ubiquitination of TRAF3 is a major modifi cation required for 
IFN gene expression [ 20 ]. 

 In a study that addressed the role of caspase-8 during  Salmonella  infection it was 
shown that caspase-8 is recruited to the infl ammasome complex. This recruitment 
was shown to be specifi c to  S. typhimurium  infection and as part of that complex it 
contributed positively to IL-1β production [ 21 ]. The production of active IL-1β 
seems to be fi ne-tuned, as it is shown that SipB, a  Salmonella  SPI-1 effector protein, 
promotes its production [ 22 ]. Active IL-1β has many other functions, yet the IL-1R 
signaling by modulating TRAFs remains instrumental for type I IFN production 
[ 13 ,  20 ]. It is important to note that IL-1 signaling can also accelerate the degrada-
tion of IFNAR by activating kinases that add phospho-moiety to a so-called degron 
sequence within the IFNAR protein [ 23 ], therefore adding complexity to the role of 
IL-1 signaling in type I IFN production and signaling. 

 Microarray studies focused on the host response to  Salmonella  infection revealed 
that many genes are specifi cally activated. RAW24.7, a murine macrophage cell line 
infected by  S. typhimurium , was assessed for gene expression. The following genes 
were found to be upregulated: MIP-1α, MIP-1β, MIP-2α, IL-1β, TNF receptor, 
CD40, IκBα, IκBβ, NF-E2, IRF1, and c-rel among many [ 24 ]. In a similar study it 
was shown that SPI-1 effectors exploit host pathways that are independent of TLR 
engagement. Many genes in uninfected control remained at same expression level 
as cells infected by SPI-1 mutant  Salmonella  strain [ 25 ]. In that same study STAT3, 
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a transcriptional factor with pleiotropic effects was upregulated [ 25 ], which in 
 cooperation with IRF1 regulated the production of IL-10 [ 26 ]. Indeed, IL-10 is an 
anti- infl ammatory cytokine, which has been shown to promote the intracellular pro-
liferation of  Salmonella  [ 27 ].  

    Role of Type I IFNs During  Salmonella  Infection 

 In various infectious disease models (e.g.,  Listeria ,  Mycobacteria ,  Trypanosoma , 
 Candida ), it has been shown that IFNAR-defi cient mice display enhanced survival 
[ 28 – 31 ]. Similarly, IFNAR-defi cient mice display enhanced survival during infec-
tion with virulent  S. typhimurium  [ 32 ]. It is conceivable that pathogens from differ-
ent domains of life or classes have converged in utilizing mechanisms of subverting 
the host immune defenses, and the above-mentioned examples would reiterate the 
importance of type I IFN signaling in host–pathogen interactions. The complexity 
of interferon signaling pathways and its impact on  Salmonella  pathogenesis was 
further revealed in another study in which UBP43-defi cient mice (alternatively 
known as USP18) were shown to have elevated type I interferon signaling, yet 
these mice were able to control  Salmonella  better in vivo, since the splenic bacte-
rial burden was reduced in UBP43-defi cient mice; however, there was no differ-
ence in host susceptibility between WT and UBP43-defi cient mice [ 33 ,  34 ]. UBP43 
is a member of the “Ubiquitin specifi c protease” family that cleaves ISG15, a 
 ubiquitin-like posttranslational modifi cation (PTM) of proteins, which appears to 
be dependent on IFN-signaling [ 35 ]. The mechanism behind the better control of 
 Salmonella  in UBP43-defi cient mice was attributed to the sustained and hyperac-
tive JAK-STAT1 signaling, as the failure to remove ISG15 from the JAK1 resulted 
in prolonged JAK1-STAT1 signaling [ 36 ]. Furthermore, UBP43-defi cient mice dis-
played elevated expression of genes that are dependent on type I IFN signaling 
(ISGs), and were hypersensitive to LPS-induced septic shock [ 33 ]. While these 
results may appear to be at odds with the phenotype obtained in IFNAR-defi cient 
mice, however, the UBP43 defi cient mice display elevated infl ammatory signaling 
in contrast to IFNAR-defi cient mice. Elevated infl ammatory signaling in UBP43-
defi cient mice may promote initial clearance of bacteria, but the overt infl amma-
tory response may lead to fatality at a later time period. Work on  Salmonella  
invasiveness after treatment with type I IFN, suggests that epithelial cells are less 
susceptible to invasion [ 37 ], and because of that impaired invasion it is argued that 
mice challenged intragastrically with  Salmonella  show enhanced survival if treated 
with type I IFNs [ 38 ]. 

 Furthermore type I IFN signaling is implicated in the regulation of  infl ammasome 
activation, and stimulation of necrosome formation, both presently understood as 
distinct signaling complexes. Infl ammasomes are protein complexes that enable 
activation of infl ammatory caspases, which drive immune responses by stimulating 
the production of proinfl ammatory cytokines, and by inducing pyroptosis, a mecha-
nism of proinfl ammatory cell death [ 39 ]. Work done on elucidating the mechanisms 
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involved in infl ammasome regulation by IFNAR signaling indicated that type I IFN 
inhibits the production of IL-1β, through regulation of the NLRP3, leading to 
reduced transcript levels of pro-IL-1β [ 40 ]. Yet still, during infection with gram-
negative bacteria, type I IFN promotes IL-1β production by controlling caspase- 11 
activity [ 41 ], and most likely such duality is dependent on the amount of IFN-β. 

 Necrosome is a protein complex that when assembled leads the host cell to 
necroptosis, a proinfl ammatory mechanism of cell death. Typically it is induced by 
TNFα-TNFR1 interaction in the absence of apoptosis [ 42 ]. During  S. typhimurium  
infection of macrophages it was shown that type I IFN signaling stimulates necro-
some activation leading to necrotic cell death, where IFNAR KO bone marrow mac-
rophages showed enhanced survival [ 32 ]. Type I IFN signaling is the critical 
check-point of necrosome activation in macrophages. During in vivo infection, 
IFNAR-defi cient mice had more macrophages, which correlated to better control of 
 Salmonella . Additionally, the abrogated cytokine signaling downstream of IFNAR 
can also be a contributing factor, as the pleiotropic effects of IFN signaling can 
modulate subsequent downstream cytokine and chemokine signaling. Necroptosis 
is induced by IFN-α/β and IFN-γ signaling pathways independent of death receptors 
signaling, but dependent on Protein kinase RNA-activated (PKR) and Fas-associated 
death domain (FADD) [ 43 ]. Further, even TNF-dependent necrosome activation 
appears to be dependent on type I IFN signaling (S. Sad, unpublished). 

 A hallmark of necroptosis is the release of damage associated molecular patterns 
(DAMPs) that can act as “secondary” ligands during host–pathogen interactions 
and can become major drivers of infl ammatory responses, although their contribu-
tion is often neglected. Necrosome activation that is associated with  Salmonella  
infection that is notorious for inducing host cell death generates overt pathology 
leading to adverse outcome. During infections by pathogens that are able to inhibit 
caspases, necroptosis can be regarded as a backup mechanism that initiates infl am-
matory cell death and alerts the immune system defenses. Specifi cally, in  Salmonella  
infection, the outcome and progression are multifactorial and will not be only 
dependent on type I IFN signaling [ 44 ], yet the IFNAR-defi cient mice show signifi -
cantly reduced susceptibility to  Salmonella  infection [ 32 ].  

    Final Remarks 

 New pathways of type I IFN signaling have emerged that seem to indicate that the 
impact of type I IFN signaling may be highly dependent on the disease context [ 45 ]. 
The IFNAR KO mice have been used extensively in many studies and have revealed 
both the positive and negative role of type I IFN signaling. At the cellular level the 
role of type I IFN signaling is also complex. Resistance to LPS shock is mediated 
by ablation of type I IFN signaling, as IFNAR1 KO, but not the IFNAR2 KO, mice 
are resistant to LPS [ 45 ,  46 ]. Type I IFN appears to be a key mechanism that impacts 
infl ammasome and necrosome activation, although the precise mechanistic details 
are lacking currently. These two distinct signaling complexes, infl ammasome and 
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necrosome, might have substantial cross-talk since both are controlled by type I 
IFN.  Salmonella  is a chronic intracellular pathogen, which results in persistent 
 activation of immune response. It is therefore quite conceivable that type I IFN 
signaling plays a key role in this process, which results in a deleterious host  outcome 
due to persistent pathology.     
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           Introduction 

 Three  Yersinia  species are pathogenic to mammals and are part of the 
   Enterobacteriaceae family of eubacteria.  Yersinia enterocolitica  causes gastroen-
teritis, a normally self-limiting infection that has been associated with signifi cant 
outbreaks of yersiniosis in humans and animals throughout the world [ 1 ,  2 ].  Yersinia 
pseudotuberculosis  causes less severe infection and is less commonly associated 
with foodborne outbreaks but is more closely related to the deadly  Yersinia pestis , 
which diverged approximately 3,000 years ago [ 3 ].  Y. pestis  is the causative agent of 
bubonic plague, a fl ea borne disease which is characterized by a late stage bactere-
mia that seeds multiple tissues including the lungs [ 4 ].  Y. pestis  infection of the 
respiratory tract leads to a fulminant bronchopneumonia which can be spread 
through respiratory secretions. 

 Enhanced virulence through systemic infection and the fl ea life cycle of  Y. pestis  
are due to the acquisition of two plasmids as well as genetic reduction, loss of func-
tion mutations that in some cases reduced the activity of virulence factors conserved 
in the other     Yersinia  species [ 5 ]. Importantly, all three pathogens employ 
temperature- dependent changes in LPS composition such that the immunostimula-
tory hexacylated lipid A is down-regulated at the mammalian host temperature of 
37 °C [ 6 ]. Tetraacylated LPS from  Yersinia  grown at 37 °C provides little to no 
stimulation of TNFα secretion. Hypoacetylation of  Y. pestis  LPS at 37 °C makes a 
signifi cant contribution to virulence by providing evasion from toll-like receptor 4 
(TLR4) signaling, thereby limiting the activation of NF-κB [ 7 ]. This structure also 
contributes to evasion of infl ammasome activation [ 8 ]. Nevertheless, in spite of this 
and other immune evasive strategies used to control infl ammatory responses, 
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 Y.  pestis   still induces the production of type I interferon (IFN) [ 9 ]. In this chapter, 
we will review signaling pathways that may induce type I IFN and the phenotypic 
outcome of IFN signaling during  Yersinia  infection.  

    Extracellular Bacteria Evade Activation of Interferon 
Responses 

 Extracellular  Yersinia  target phagocytic cells for the injection of anti-host proteins, 
known as Yops, by the type III secretion system (T3SS) [ 10 ]. Yop activities result in 
inhibition of phagocytosis and production of proinfl ammatory cytokines and lead to 
host cell death in vitro [ 11 ] (Fig.  1 ).  Yersinia  that makes intimate contact with a host 
cell will insert a translocation pore into its plasma membrane through which effector 
Yops are transported. Pore formation can be detected by the cell’s infl ammasome 
machinery, which includes cytoplasmic nucleic acid pattern recognition receptors. In 
the absence of Yop effectors, MyD88- and TRIF-independent production of type I 

  Fig. 1     Yersinia  activation of type I IFN in macrophages and other phagocytic cells, with possible 
downstream signaling outcomes. ( a ) Macrophages making intimate contact with  Yersinia  ( red ) are 
injected with Yops by the T3SS. One effector, YopJ blocks activation of major pro-infl ammatory 
signaling pathways mediated by IRF3, NF-κB, and p38 kinase, and promotes apoptosis. Signaling 
from IFNAR ( yellow ) is probably blocked in these cells, but this has not yet been directly shown. 
( b ) Intracellular bacteria reside in a  Yersinia  containing vacuole (YCV) where they may prevent 
signaling by TLR4 and TLR9. In addition, YCV may secrete proteins or other products into the 
cytoplasm or vacuole lumen that might activate one or more intracellular PRRs ( blue , DAI, NOD, 
RIG-I or TLR3, TLR7, respectively). Signaling can be through MyD88, TRIF ( purple ) or indepen-
dent of either, leading to induction of one or more transcription factors ( orange ) and the expression 
of IFN-β. Cells carrying intracellular  Yersinia  may also respond to IFN-β through IFNAR in an 
unknown manner. ( c ) Uninfected immune cells residing in different sites such as the bone marrow, 
may also respond to IFN-β through IFNAR, inducing interferon stimulated gene (ISG) expression 
that may upregulate an anti-viral response, IRF3, infl ammatory cytokines, and/or cell death genes       
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IFN were observed following insertion of the type III translocation pore by 
 Y. pseudotuberculosis  [ 12 ]. MyD88-/TRIF-independent induction of IFN was not 
blocked by the inhibition of phagocytosis suggesting that extracellular, rather than 
intracellular, bacteria were detected by macrophages. Deletion of the type III secre-
tion system translocator YopB resulted in no detectable type I IFN production 
in vitro. These data suggest that host sensing of insertion of the type III translocation 
pore leads to expression of IFN-β through a cytoplasmic receptor. One or more Yop 
effectors may prevent expression of IFN-β either within the cell or by producing 
anti-infl ammatory molecules that prevent cells from responding to cytokine signals.

   YopJ/P is a deubiquitinase and an acetylase that primarily targets MAP2 kinases, 
and prevents activation of master infl ammatory regulators such as NF-κB, AP-1, 
and IRF3 (Fig.  1a ) [ 13 – 16 ]. During infection of macrophages in vitro, YopJ/P inac-
tivation of NF-κB not only prevents production of proinfl ammatory cytokines, but it 
also induces apoptosis due to suppression of the NF-κB-dependent expression of 
anti-apoptotic proteins Bid and t-Bid [ 17 ]. Given these activities, it seems likely that 
YopJ injection would prevent the expression of IFN-β either due to acetylation of 
IRF3, NF-κB or even another cytoplasmic target required for signaling from the 
translocation pore. Even though deletion of  yopJ  results in loss of immune suppres-
sion of macrophages in vitro, there appears to be only a small contribution of YopJ 
to virulence in mouse models of disease [ 18 ,  19 ].  

     Yersinia  Evades TLR4 Activation 

 TLR4 is a host pattern recognition receptor that in conjunction with MD-2 can rec-
ognize the Gram-negative bacterial cell membrane component LPS [ 20 – 22 ]. 
Activation of TLR4 can occur at the plasma membrane or in the endosome, with 
different outcomes [ 23 ]. Upon binding LPS at the plasma membrane, the scaffold 
protein TIRAP (MAL) is recruited via its TIR domain. TIRAP binding results in 
recruitment of MyD88, which leads to the activation of the transcription factor 
NF-κB and the production of proinfl ammatory cytokines such as TNFα and IL-6. 
Alternatively, when TLR4 activation occurs in the endosomal compartment after, 
for example, the phagocytosis of Gram-negative bacteria, the downstream adapter 
molecule TRIF mediates the activation of the transcription factor IRF3 and induces 
the expression of IFN-β. 

 Yet, it appears that TLR4 signaling does not play a major role during  Y. pestis  
infection, as  Tlr4   −/−   mice challenged with wild-type  Y. pestis  are not more suscep-
tible to infection [ 7 ]. All three  Yersinia  species modulate their lipid A structure in 
response to temperature which is believed to result in poor stimulation of TLR4 
during infection. The TLR4–MD-2 complex binds hexaacylated lipid A but does 
not recognize hypoacetylated forms [ 23 ]. Hexaacylated lipid A is the most common 
form of Gram-negative LPS and the predominant species when  Yersiniae  are grow-
ing in the fl ea or environment. At 37 °C, the bacterial genes encoding lipid IV acety-
lases LpxL and LpxM are down-regulated and newly synthesized LPS incorporates 
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tetraacylated lipid A. While the hexacylated lipid A that predominates at lower 
 temperatures stimulates TLR4, the tetraacylated form does not stimulate TLR4 on 
human or murine macrophages [ 24 ]. All three  Yersinia  species down-regulate the 
expression of hexaacylated lipid A at 37 °C and even though each expresses a unique 
LPS structure, none of these is stimulatory to TLR4 [ 25 ]. In summary, 
 Y. enterocolitica ,  pseudotuberculosis , and  pestis  share dominant virulence factors of 
hypoacetylated LPS and injection of immunomodulatory Yops by the T3SS. These 
virulence factors combine to provide for evasion of TLR4 and the expression of 
pro- infl ammatory cytokines during infection. Yet in spite of these dominant immune 
modulatory mechanisms, host type I IFN signaling pathways appear to be active 
during infection.  

    Susceptibility of Mice to Yersiniosis and Plague 
is Affected by Type I Interferon Signaling 

 TRIF is required during  Y. enterocolitica  infection and its signaling led to protective 
responses in a murine model of yersiniosis.  Trif   −/−   mice were found to be defective 
in phagocytosis of bacteria, which may have contributed to an increase in bacterial 
dissemination and elevated titers [ 26 ].  Trif   −/−   mice produced reduced amounts of 
IFN-β and IFN-γ during  Y. enterocolitica  infection suggesting that both cytokines 
depended on TRIF signaling for production. Although IFN-γ activates macrophages 
to up-regulate bactericidal mechanisms, it is unclear if this would be suffi cient to 
have an impact on the infection since the closely related  Y. pestis  resists killing by 
activated macrophages [ 27 ,  28 ]. In addition, previous work showed a requirement 
for TRIF in inducing apoptosis in macrophages following infection by  Y. enteroco-
litica  [ 29 ]. TLR4 was required for TRIF-dependent apoptosis but not MyD88. 
Together these data suggest that  Y. enterocolitica  may induce type I IFN expression 
through TLR4 activation of TRIF from the phagosomal membrane rather than the 
cell surface. This hypothesis is at odds with the observation that LPS from  Y. entero-
colitica  does not induce infl ammatory cytokine production, and additional work is 
needed to understand how TRIF is stimulated during infection. Whether the TRIF- 
dependent cell death, phagocytosis or infl ammatory responses required type I IFN 
signaling has not yet been reported. Furthermore, the phenotype of  Trif   −/−   mice in a 
plague infection model has not yet been reported and it is unclear if host defense 
against other  Yersinia  would also require TRIF. 

 IRF3 is a transcription factor that is activated downstream of the adaptors TRIF, 
MyD88, or STING leading to expression of  Ifnb  and other interferon-stimulated 
genes. Although the sensitivity of  Trif   −/−   mice to plague has not yet been reported, 
 Irf3   −/−   mice have been tested in a murine model of pneumonic plague.  Irf3   −/−   mice 
were more susceptible to the non-pigmented mutant  Y. pestis , but not fully virulent 
bacteria [ 9 ]. Similar to  Trif   −/−   mice,  Irf3   −/−   macrophages were defective for 
 phagocytosis of  Y. pestis  which may have contributed to accelerated growth and 
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progression of the infection. However, bone marrow derived macrophages from 
 Ifnar   −/−   mice were not defective for phagocytosis indicating that type I IFN is not 
involved this process. In fact,  Ifnb  expression was found in infected lung homoge-
nate in WT and  Irf3   −/−   mice suggesting that IRF3 is not required for  Ifnb  expression. 
Furthermore, unlike the  Trif   −/−   mice infected with  Y. enterocolitica ,  Ifng  expression 
was not dependent on IRF3 and was absent until late stage infection in the presence 
or absence of IRF3. These results do not rule out signaling through IRF3 or TRIF as 
contributing to the type I IFN response, and additional data is needed to identify the 
signaling cascade induced by  Yersinia  for expression of type I IFN. 

 In striking contrast to  Irf3   −/−   mice,  Ifnar   −/−   mice were more resistant to plague 
suggesting that IFN-β signaling is immunopathogenic [ 9 ]. No changes in pro- 
infl ammatory cytokines were associated with  Ifnar   −/−   mice. Instead, IFN-dependent 
sensitivity to infection manifested under conditions of high bacterial burden, where 
the IFNAR-expressing mice lost control over bacterial growth while the  Ifnar   −/−   
mice cleared the infection. Neutrophil populations appeared depleted in the bone 
marrow and periphery of WT mice which may have led to their poor outcome. 
Together the data suggested that IFN signaling during  Y. pestis  infection caused an 
increase in neutrophil cell death or a decrease in maturation of cells in the bone mar-
row. The sensitivity of  Ifnar   −/−   mice to  Y. enterocolitica  has not yet been reported 
and it remains unclear if a similar mechanism of neutrophil depletion is a common 
feature of the type I IFN response to  Yersinia .  

    Activation of Intracellular PRRs by Intracellular  Yersinia ? 

 Although  Yersinia  has a predominantly extracellular life cycle, it also has the ability 
to invade phagocytic and non-phagocytic cells and will survive and grow in macro-
phages, eventually causing their death [ 30 ,  31 ,  27 ,  32 ]. The T3SS is not required for 
the intracellular life cycle, being only weakly expressed, and the role of hypoacyl-
ated LPS in the intracellular compartment has not been rigorously examined. 
Following phagocytosis or invasion, bacteria have been observed to localize in spa-
cious vacuoles known as  Yersinia  containing vacuoles (YCV) which have cell sur-
face markers found on late endosomes and autophagosomes (Fig.  1b ) [ 33 ]. Survival 
in the YCV depends on the bacterial 2-component signaling pathway PhoPQ which 
is activated in low magnesium or low pH environments [ 34 ]. PhoP is also required 
for virulence of  Y. pestis  suggesting that intracellular survival is important to patho-
genesis [ 35 ]. Little evidence has been presented supporting cytoplasmic localiza-
tion of  Yersinia . However, genome annotation of all three  Yersinia  pathogens has 
revealed the presence of multiple secretion systems, some of which could be uti-
lized in the intracellular compartment to facilitate nutrient uptake or escape from the 
vacuole or cell. Overall, these data suggest that intracellular bacteria could be 
detected by cytoplasmic or endosomal PRRs, any number of which could result in 
expression of type I IFN. 

Yersinia Activation of Type I Interferon



92

 While TLR4 is a major PRR for detection of bacteria that leads to type I IFN 
expression, TLR3 is activated primarily by viruses and double-stranded RNA in 
phagolysosomes, leading to type I IFN expression and an anti-viral response. 
Evidence suggests that TLR3 may also recognize bacteria. Gut epithelial cells 
expressing TLR3 can be stimulated by Gram-positive bacteria in the microbiota 
resulting in an anti-viral response that may serve to suppress the infl ammatory 
response to commensal bacteria [ 36 ,  37 ]. TLR3 activation as a host defense mecha-
nism against bacteria has not yet been reported but it is nevertheless clear that bac-
teria can be recognized by TLR3.  Y. pestis -derived tetraacylated LPS has previously 
been shown to reduce activation of signaling through the TLR2 and TLR3 pathways 
[ 38 ]. This data demonstrates the ability of  Y. pestis  to actively suppress the innate 
immune response through receptor crosstalk and suggests that TLR3 may also be 
neutralized during infection due to the  Yersinia  LPS structure. 

 Other toll-like receptors, such as TLR7 and TLR9, also localize to the phago-
somal membrane where they can be activated upon recognition of microbial nucleic 
acids. TLR7 and TLR9 signal downstream to MyD88 to activate NF-κB, IRF1, 
IRF3, IRF5, and/or IRF7 to induce the expression of IFN-β [ 39 – 43 ]. TLR9 binds 
unmethylated dinucleotides to induce a downstream signal transduction pathway 
involving MyD88 and resulting in activation of  Ifnb  expression [ 23 ]. Active stimu-
lation of TLR9 prior to infection improved clearance of non-pigmented  Y. pestis  in 
a murine respiratory infection model [ 44 ]. Since IFN-β signaling was previously 
associated with immunopathology, these data suggest that the protective effect of 
TLR9 signaling may not be related to IFN-β and TLR9 may not be principally 
responsible for  Ifnb  expression. Furthermore, these data suggest that  Y. pestis  may 
even prevent TLR9 activation. All three  Yersinia  pathogens have similar capability 
for intracellular survival and replication and there is evidence that live bacteria pre-
vent acidifi cation of the phagolysosome, which is necessary for the localization and 
activation of TLR7 in this compartment [ 33 ]. Together, the data suggest that live 
 Yersiniae  are likely to prevent signaling from the nucleic acid sensors of the phago-
some. It may be that bacteria that lyse in a small percentage of macrophages are 
detected by nucleic acid PRRs and the resulting type I IFN signal is amplifi ed by 
neighboring cells (Fig.  1c ). Furthermore, intracellular  Y. pestis  eventually kill their 
host cells in an active process that requires intracellular survival. Perhaps the mech-
anism that is used to cause host cell death from the phagosome also induces expres-
sion of IFN-β from cytoplasmic PRRs. Overall, the mechanism underlying  Yersinia  
activation of type I interferon remains incompletely understood and may be a criti-
cal part of its pathogenesis.  

    Concluding Remarks 

  Yersinia  are potentially recognized throughout their infectious life cycle from an 
early intracellular phase to later anti-phagocytic, rapid growth phase and therefore 
are likely to interact with PRRs on the plasma and phagosomal membranes as well 
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as within the cytoplasm [ 32 ]. Although all three species of pathogenic  Yersinia  have 
in common two major virulence factors, an atypical LPS that is not stimulatory to 
TLR4 and the T3SS, only one causes severe sepsis with multi-organ failure while 
the others cause self-limiting gastroenteritis. The differences are presumably caused 
at least in part by different host responses to infection, originating with PRRs or 
downstream adaptor molecules. All three  Yersinia  species that are pathogenic to 
mammals suppress PAMPs at 37 °C that would otherwise stimulate activation of 
TLR2, -3, -4, -5, and possibly -9, thereby disabling recognition of intracellular and 
extracellular bacteria [ 45 ]. 

 Nevertheless,  Yersinia  are detected by the mammalian innate immune system 
and mice that lack components of type I IFN signaling pathways have altered sen-
sitivity to infection. The complex  Yersinia  lifecycle in the mammalian host 
includes the display of many PAMPs: insertion of the type III translocation pore, 
injection of bacterial proteins in the host cytoplasm, modifi cation of intracellular 
traffi cking to permit growth and survival within the YCV, and promoting escape of 
intracellular bacteria by host cell lysis. PRRs at the plasma membrane, phago-
somal membrane and even cytoplasm have the opportunity to see  Yersinia  during 
infection. 

 The adaptor TRIF is required for  Yersinia  YopJ-induced apoptosis through cas-
pase 8 and 9 and it is tempting to speculate that TRIF-dependent type I IFN signal-
ing contributes to the control of apoptosis or other forms of programmed cell death 
as it does following viral infection [ 29 ]. During  Salmonella  infection, type I IFN 
signaling led to activation of necroptosis in infected macrophages which enhanced 
virulence [ 46 ]. The bacterial and host proteins that were responsible for this were 
not identifi ed leaving it unknown whether  Yersinia  infection could have a similar 
effect on neutrophils, macrophages or even hematopoetic precursor cells. For the 
plague model, IFN pathology manifests during late stage disease when bacteria 
have spread to distal sites where they grow logarithmically. Thus it may well be that 
only infected cells are responding poorly to type I IFN. 

 Type I IFN is used as a therapeutic to induce anti-viral and anti-cancer mecha-
nisms in humans and the data gathered to date on the role of type I IFN during 
 Yersinia  infection suggests that this type of treatment could generate an increased 
risk of disease [ 47 ,  48 ]. Conversely, it seems likely that blocking type I IFN signal-
ing might improve the outcome of late stage plague. Perhaps single ISGs are respon-
sible for IFN-related pathology and could be specifi cally targeted as an anti-plague 
therapeutic. Given the dependence of viral clearance on the type I IFN response, it 
would be preferred to target one or a few ISGs as this would be less likely to gener-
ate an increase in susceptibility to viruses. Future experiments to identify ISGs 
associated with pathology or host defense against  Yersinia  may result in important 
advances in interferon therapies for humans.     
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      Induction and Function of Type I IFNs 
During Chlamydial Infection 

             Uma     M.     Nagarajan    

           Introduction 

  Chlamydia trachomatis  infection is the leading sexually transmitted bacterial infec-
tion (STI) in the US, as reported by CDC. The global burden of chlamydial infec-
tion is likely higher than that reported for STI, as ocular trachoma caused by 
chlamydiae continues to be the leading cause of preventable blindness in the world 
[ 1 ].  Chlamydia  spp. also cause signifi cant disease in livestock. In women,  C. tra-
chomatis  is a major cause of pelvic infl ammatory disease, ectopic pregnancy, and 
infertility [ 2 ]. Chlamydial infections can be self-limiting, providing evidence for 
the development of protective immune responses [ 3 ,  4 ]. However, infection induces 
mostly short-term immunity that is strain (serovar) specifi c, so the risk of  re- infection 
is high, and carries an increased risk of tissue damaging effects [ 5 ]. Human epide-
miologic studies also indicate increased risk of disease with repeated infection 
[ 6 ,  7 ]. Consequently, a great deal of research has focused on understanding chla-
mydial biology and the immune responses to chlamydial infection, with an obvious 
goal to develop a vaccine that will induce protective responses to  Chlamydia  while 
avoiding responses that lead to pathology. In this chapter, we will focus on one such 
innate immune response, the type I IFNs in chlamydial pathogenesis, with empha-
sis on their role during infection and the mechanism of induction during chlamydial 
infection.  

        U.  M.   Nagarajan      (*) 
  Division of Pediatric Infectious Diseases ,  University of North Carolina at Chapel Hill , 
  8312 MBRB bldg. ,  Chapel Hill ,  NC ,  USA   
 e-mail: nagaraja@email.unc.edu  

mailto:nagaraja@email.unc.edu


98

    The Pathogen and Pathogenesis 

 Gram-negative  Chlamydia  sp. are obligate intracellular pathogens with a relatively 
small genome (1–1.3 Mbp) and a unique developmental cycle [ 8 ,  9 ]. The fi rst step 
in the intracellular chlamydial infection is attachment of the infectious and meta-
bolically inactive elementary body (EB) to the host cell surface. Once the EB enters 
the cell by endocytosis, it modifi es the vacuole to inhibit phagolysosome fusion, and 
remains confi ned in a membrane bound vacuole, termed the “inclusion,” during its 
entire developmental cycle [ 10 – 12 ]. Inside the early inclusion the EB transforms 
into the metabolically active reticulate body (RB) form by a process that involves 
DNA de-condensation [ 13 ] and reductive cleavage of the outer membrane protein 
complex [ 14 ,  15 ]. Rather than being strictly non-fusogenic with the host vesicular 
traffi cking pathways, the chlamydial inclusion selectively fuses with sphingomyelin 
containing exocytic vesicles en route to the plasma membrane from the Golgi 
[ 16 ,  17 ]. Inclusion formation and acquisition of sphingomyelin are initiated very 
early in the cycle [ 17 ], a phenomenon driven by early chlamydial protein synthesis 
[ 18 ]. Inside the inclusion, the RB multiplies by binary fi ssion [ 10 ] and the inclusion 
expands to occupy signifi cant parts of the cytosol during  C. trachomatis  infection. 
Specifi c molecular triggers generated in the RBs likely due to its local environment, 
initiate the conversion of RBs to EBs towards the latter part of the chlamydial devel-
opmental cycle, a process that occurs asynchronously. Eventually, by multiple exit 
mechanisms [ 19 ], the infected cells are lysed and the released EBs go on to infect 
neighboring cells. The sequential conversion from the specialized EB to RB and 
then back to EB is a unique feature of chlamydial biology. 

 Unlike several facultative intracellular pathogens, chlamydiae are not equipped 
with toxins that damage the host cells.  C. trachomatis  strictly infects mucosal 
epithelial cells during a genital infection and conjunctival cells during an ocular 
infection. The host response to  C. trachomatis  is initiated by infected epithelial 
cells [ 20 ] and sustained by professional infl ammatory cells and neighboring unin-
fected cells. Chlamydial ligands recognized by surface and intracellular pathogen 
recognition receptors (PRRs) initiate chemokine and cytokine production as early 
as 3 h post infection in vivo, suggesting that entry of viable chlamydiae into host 
cells is suffi cient to induce a response [ 21 ]. Using the mouse model of chlamydial 
genital tract infection [ 22 ], it has been shown that infl ammatory responses are a 
major determining factor in oviduct pathology. Following bacterial ascension to 
the oviducts, infected epithelial cells respond to bacterial signals by producing 
cytokines and chemokines [ 20 ] that act locally to recruit PMNs and other immune 
cells [ 21 ]. PMNs are partially protective in the cervix and uterus because they 
restrict on-going chlamydial replication, amplify cytokine signaling and reduce 
pathogen load by attacking infected cells [ 23 ]. However, PMN recruitment to the 
oviducts is excessive and prolonged, leading to distal blockage and formation of 
hydrosalpinx or salpangitis [ 21 ,  23 – 26 ]. The contribution of innate immune path-
ways, such as TLR2, IL-1R, IFNAR, TNFR in PMN recruitment and oviduct 
pathology has been demonstrated using gene knockout mice [ 27 – 33 ]. On the other 
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hand, CD4 +  Th1 cells that produce a predominant IFN-γ response are critical to the 
control of chlamydial genital and ocular infection, and enhanced Th1 immune 
responses correlate with protection from infection and disease in both animal 
models and humans [ 34 – 38 ].  

    Induction of Type I IFNs During Chlamydial Infection and Its 
Biological Implications 

 Induction of type I IFNs has been observed in multiple cell types including oviduct 
epithelial cells [ 39 ], macrophages [ 40 ,  41 ], fi broblasts (McCoy cells) [ 42 ], and 
mouse DC [ 43 ] infected in vitro with multiple chlamydial strains. Therefore, the 
ability to induce IFN-β in response to intracellular  C. trachomatis  infection appears 
relatively conserved.  C. pneumoniae , on the other hand does not induce signifi cant 
levels of IFN-β expression in epithelial cells, which could be a result of its ability to 
degrade TRAF3 [ 44 ]. 

 Type I IFNs are largely inhibitory to chlamydial growth during in vitro infec-
tions. Early studies showed signifi cant inhibition of  C. trachomatis  infectivity in 
HeLa cells treated with different isotypes of IFN-α [ 45 ]. IFN-β treatment of macro-
phages treated with LPS also resulted in signifi cant killing of  C. psittaci , as observed 
with IFN-γ-treatment and this was attributed to activation of indoleamine dioxygen-
ase (IDO) activity. IDO decyclizes tryptophan to  N -formyl kyneurine resulting in 
reduction in tryptophan pool in the cells affecting chlamydial growth [ 46 ]. Further, 
inhibition of chlamydial growth by TNFα was shown to be partly mediated through 
an autocrine function of IFN-β enhancing the activity of IDO and could be blocked 
by tryptophan [ 47 ]. Treatment of murine fi broblasts (L cells) with type I IFNs was 
also shown to signifi cantly reduce the yield of  C. trachomatis  LGV biovar [ 48 ]. 
Besides its role in chlamydial killing, IFN-β was shown to contribute to IFN-γ 
expression and in induction of CXCL10 in mouse macrophages infected with 
 C. pneumoniae  [ 40 ] and  C. muridarum  [ 41 ], respectively. 

 The protective effect of IFN-α/β observed in vitro was not recapitulated during 
in vivo  C. muridarum  infection, both in the lungs and genital tract. In the lung infec-
tion model,  Ifnar  −/−  mice showed less bacterial burden, weight loss, and less pathology 
in comparison to control mice, which was attributed to lower macrophage apoptosis in 
the absence of IFNAR signaling [ 49 ]. During genital  C. muridarum  infection,  Ifnar  −/−  
mice displayed a slightly enhanced clearance of infection and signifi cantly reduced 
oviduct pathology [ 28 ]. The improved bacterial clearance in  Ifnar  −/−  mice was associ-
ated with an increase in antigen-specifi c T cells in the iliac nodes, enhanced CD4 +  T 
cell recruitment to the genital tract and an increased level of the IFN-γ-inducible pro-
tein, CXCL9 in genital secretion. A similar outcome of overall enhanced infection 
clearance and reduced pathology was observed in genital chlamydial infection during 
IFN-β neutralization in wild-type mice [ 30 ]. However, in this study a slight increase in 
infectious burden was observed at day 4 post infection during IFN-β depletion, 
which was not sustained and the IFN-β depleted mice went on to clear infection at a 
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faster rate than the mice receiving control sera. A similar outcome of increased 
 infection load at day 4 post infection, which was not sustained was also observed in 
mice defi cient for the transcription factor IRF3, which is essential for IFN-β induction. 
These data suggest that IFN-β likely has an anti-chlamydial activity early in infection, 
but its negative impact on the infl ammatory cells and T cells is not protective to the 
host. Indeed, the T cells from the iliac lymph nodes of  Irf3  −/−  and  Ifnar  −/−  mice dis-
played an enhanced antigen-specifi c T cell response. IRF3 KO mice also developed 
signifi cant uterine pathology unlike  Ifnar  −/−  or IFN-β depleted mice, suggesting that 
IRF3 could play an IFNAR/IFN-β independent role in uterine horn protection [ 30 ]. 

 Recent discovery of a new family member of type I IFNs, IFN epsilon (IFN-ε), 
has generated interest due to its exclusive expression in the mouse and human geni-
tal tract [ 50 ,  51 ].  Ifnε  − / −  mice were shown to have slightly enhanced chlamydial 
infection, suggesting a protective role in infection. IFN-ε signals by the same recep-
tor, IFNAR used by IFN-α/β. Possible explanations for the discordant results during 
infection between  Ifnε  − / −  and  Ifnar  −/−  could be a result of a direct role for IFN-ε in 
chlamydial killing, its regulation by sex hormones and/or a constitutive role in 
imparting resistance to genital tract epithelia in an IFNAR-independent manner. 

 To understand the mechanism behind the confl icting role of type I IFN in vitro 
and in vivo, the pleiotropic immune functions of this cytokine in vivo needs further 
understanding. Type I IFNs are a potent regulator of adaptive immunity, affecting 
multiple cell types, including macrophages, lymphocytes, and DCs. IFNα/β induces 
the expression of several interferon response genes (IRG), which are important for 
Th1 maturation [ 52 ]. Type I IFNs have also been implicated in the generation of 
cytotoxic T cells and promotion of in vivo T cell proliferation [ 53 ] and T cell sur-
vival [ 54 ]. However, type I IFNs are also known to inhibit IFNγ-induced MHC class 
II expression [ 55 – 57 ] a function that contradicts its Th1 stimulatory role. Type I 
IFNs have also been shown to inhibit maturation and activation of mouse Langerhans 
cells [ 58 ]. IFN-β has been reported to augment [ 59 ] or downregulate IL-12 and 
CD40 expression in DC [ 60 ]. Further, therapeutic administration of IFN-β in mul-
tiple sclerosis patients led to inhibition of IL-12, augmentation of IL-10 production 
[ 61 ] and inhibition of IL-1β production [ 62 ]. The paradoxical effect of IFN-β on the 
expression of Th1-type immune responses partly depends on the timing of DC 
exposure (during maturation vs. mature) to IFNβ [ 52 ]. Type I IFNs are also pro- 
apoptotic and induce the expression of a number of pro-apoptotic genes, which 
could play a major role in pathological outcomes during infection. Overall, the det-
rimental effect of IFN-β during chlamydial infection is a likely result of inhibition 
of Th1-response, a reduction in IFNγ responsiveness, and induction of an apoptotic 
response. These results have been largely inferred from gene knockout mice studies 
and antibody depletion studies. It is possible that the pathological outcome could be 
different if the mice were treated with recombinant IFN-β. Treatment of mice with 
recombinant IFN-β has been shown to downregulate IL-1β levels signifi cantly at 
multiple steps [ 62 ]. Since IL-1 signaling is a major player in oviduct pathology dur-
ing genital chlamydial infection, this may be protective to the  oviducts during infec-
tion [ 29 ]. Therefore, the overall effects of IFN-β during chlamydial infection in vivo 
is likely determined by its levels in the local tissue, and assigning a benefi cial or 
detrimental role to it would be contextual.  
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    Mechanism of IFN-β Induction During Chlamydial Infection 

 Multiple host PRRs can induce IFN-β expression during viral or bacterial infection 
[reviewed in [ 63 ]]. Purifi ed  E. coli  LPS is a potent stimulator for TLR4 pathway and 
routinely used as a positive control for TLR4 activation [ 64 ]. However, chlamydial 
lipopolysaccharide (LPS) has low endotoxic activity [ 65 ,  66 ], which is attributed to 
the higher hydrophobicity of its lipid A moiety with fatty acids of longer chain 
length and the presence of non-hydroxylated fatty acids ester-linked to the sugar 
backbone. Therefore, chlamydiae stimulate TLR4 poorly, although there is one 
report demonstrating detection of chlamydial LPS by TLR2 [ 67 ]. Besides LPS, 
other bacterial ligands can stimulate TLR4, as in the case of purifi ed hsp60 from 
 Chlamydia  spp. [ 68 ] However, during chlamydial infection, there is limited role for 
TLR4 in IFN-β induction [ 41 ]. Cell invasion and intracellular growth is a prerequi-
site for IFN response during chlamydial infection. This prerequisite would suggest 
that intracellular receptors would be preferred over membrane-expressed receptors 
during infection. 

 Early studies showed that  C. muridarum -induced IFN-β is independent of TLR2 
and TLR4, and some contribution from MyD88 pathway was suggested [ 41 ]. 
However, no contribution of TLR7 and TLR9 in IFN-β expression was observed 
and TLR4-MyD88 double knockout macrophages induced similar levels of IFN-β 
compared to WT macrophages [ 69 ]. Further, cytosolic RNA sensing RLR and 
MAVS pathways were dispensable for this response [ 69 ]. This study went on to 
show that the adaptor for DNA sensing, STING was essential for IFN-β induction 
during  C. muridarum  infection in both mouse and human epithelial cells [ 69 ]. 
STING was found to localize in close proximity to the inclusion [ 69 ]. These data 
suggested that DNA sensors or chlamydial cyclic di-AMP could be contributing to 
this response. Indeed, recently it was shown that cyclic di-AMP is produced by 
 C. trachomatis  EBs [ 70 ]. The contribution of second messenger cyclic di-AMP in 
IFN-β expression was shown by infecting HEK293T cells overexpressing STING, 
and transfected with IFN-β promoter-driven luciferase reporter construct and by 
using fi broblasts from STING-defi cient mice. Recent studies from our laboratory 
involved screening of multiple DNA sensors during chlamydial infection and a pre-
dominant contribution of the DNA sensor cGAS was observed in multiple cell types 
in response to infection using multiple  C. trachomatis  serovar [ 71 ]. The discovery 
of cGAS as a requirement for IFN-β induction during chlamydial infection suggests 
that chlamydial DNA is available for sensing on the cytosolic side of the inclusion 
membrane. In support of this, cGAS was found  distinctly localized on the cytosolic 
side of the chlamydial inclusion membrane and signifi cant co-localization of cGAS 
and STING was observed after infection. 

 Besides DNA and cyclic dinucleotide sensing by STING, other receptors have 
also been shown to contribute to  Chlamydia -induced IFN-β. During  C. pneumoniae  
infection in HUVEC cells, signaling through MAVS was found to be essential for 
IRF3 activation [ 72 ]. MAVS associates with TRAF3, leading to activation of IRF 
transcription factors and IFN-β expression [ 73 ]. It was reported that TLR3 
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 contributes to IFN-β induction in mouse oviduct epithelial cells, during  
C.  muridarum  infection [ 74 ]. The requirement for TLR3 for IFN-β in a bacterial 
infection is unique to  Chlamydia . However, it has not been shown how TLR3 inter-
acts with the chlamydial inclusion and the nature of chlamydial ligand engaged is 
unclear. Since STING was shown to be essential for IFN-β expression during chla-
mydial infection in the same cell type [ 69 ], it is unclear if there is any interaction 
between the two pathways. Taken together, these data suggest the use of more than 
one host receptors for IFN-β induction during chlamydial infection. These 
 differences in observation could be due to: (1) differences between  C. trachomatis  
vs.  C. pneumoniae  infection, (2) use of multiple pathways in cell types tested and 
their ability to compensate for each other, and/or (3) infection dose. The use of 
multiple receptors to induce the expression of the same cytokine may not be unique 
to  Chlamydia  spp., as multiple receptors have been suggested to play a role in IFN-β 
induction during  L. monocytogenes  infection [ 75 – 78 ]. The signaling of type I IFN 
by  Chlamydia  is summarized in Fig.  1 .

  Fig. 1    Model(s) for IFN beta expression during chlamydial infection. ( a ) An electron micrograph 
of chlamydial inclusion containing metabolically active RBs. ( b ) An enlarged image of an RB, its 
interaction with the host ER outside the inclusion membrane, and the proposed model(s) for IFNβ 
expression during infection. At least three models have been proposed for chlamydial recognition 
with two demonstrating the requirement for the adaptor protein STING in IFNβ induction during 
infection. In the fi rst model, chlamydial EB (not shown) produce cyc di-AMP that directly inter-
acts with STING to result in IFN-β induction. In the second, the host DNA sensor cGAS was found 
to be essential for this response, with evidence for cGAMP production during infection. In support 
of this model, cells lacking the exonuclease TREX-1 show enhanced IFN-β expression during 
infection, implicating DNA as a ligand for this response. In an alternative third model, TLR3 
knock down resulted in a decrease in IFN-β expression in a mouse oviduct cell line. The ligand 
engaged and its interaction with TLR3 is unknown       
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       Chlamydial Ligands for IFN-β Response 

 The presence of enzymes essential for cyclic-di AMP synthesis and the  demonstration 
of the presence of cyclic-di AMP in  C. trachomatis  EB [ 70 ] indicates cyclic-di 
AMP as a compelling ligand for IFNβ induction. Simultaneously, the signifi cant 
requirement for cGAS for  Chlamydia -induced IFN-β indicates DNA and cGAMP 
as a possible ligand for IFNβ induction during chlamydial infection [ 71 ]. Although 
this study does not show a direct interaction of DNA with cGAS, evidence for 
cGAMP production was provided by demonstration of its functional transfer. HeLa 
cells knocked down for cGAS or STING lose their ability to induce IFN-β upon 
infection, which was surprisingly rescued following their co-culture. These data 
suggest that cGAMP produced in cGAS competent cells during infection can func-
tion in trans by migrating to STING +  cells to induce IFN-β. These results are based 
on a recent study that showed that cGAMP can cross gap junctions between epithe-
lial cells and provide cells adjacent to an infected cell intrinsic immunity indepen-
dent of IFNAR signaling [ 79 ]. cGAMP binds to the same pocket in STING as cyclic 
di-AMP/di-GMP, but at a much lower concentration with higher affi nity [ 80 ]. 
Indeed, the cGAS product, 2′3′cGAMP, is a much more potent ligand of STING 
than all other bacterial cyclic di-nucleotides described [ 81 ]. Further, human STING 
is responsive only to cGAMP and unresponsive to the STING ligands CMA [ 82 ] 
and cyclic di-AMP/cyclic di-GMP [ 83 ], unlike mouse STING which is responsive 
to both cyclic dinucleotides and cGAMP [ 84 ]. These studies signifi cantly shift the 
importance of cGAMP over bacterial cyclic dinucleotides during  C. trachomatis  
infection in human cells. However, how chlamydial DNA is transferred to cytosol 
remains unclear at this point. Manzanillo et al. [ 85 ] have shown that during 
 Mycobacterium tuberculosis  infection, phagosomal permeabilization mediated by 
the bacterial ESX-1 secretion system allows cytosolic recognition pathways access 
to DNA [ 85 ]. Numerous studies have linked IFN-β expression to bacterial secretion 
systems [ 78 ,  86 – 88 ]. Small molecule inhibitors of type III secretion system (T3SS) 
were shown to abrogate IFN-β expression in  C. muridarum  infected cells [ 89 ], sug-
gesting a similar role for chlamydial T3SS in permeabilization of inclusion mem-
brane. Previous studies [ 90 ] have shown that chlamydial reticulate bodies (RB) 
make direct contact with the inclusion membrane, likely through T3SS. These could 
be potential permeabilization points where nucleic acids could leak into cytosol and 
made available for host recognition. It has been shown that  Chlamydia  hijacks the 
host ER and several ER proteins were found localized on inclusion membrane [ 91 , 
 92 ]. The localization of the ER protein STING [ 69 ] and cytosolic cGAS in close 
proximity to the inclusion membrane suggest that STING could serve as a mem-
brane scaffold for the interactions between DNA-cGAS to take place. An alternative 
source of DNA detected could be host mitochondrial DNA released following dam-
age to mitochondria in  Chlamydia - infected  cells. This argument is countered by the 
observation that  Chlamydia  spp. inhibit host apoptosis and no mitochondrial dam-
age has been observed in the fi rst 24 h of infection [ 93 ]. However, in the environ-
ment of other innate receptor recognition and production of cytokines like TNFα, it 

Induction and Function of Type I IFNs During Chlamydial Infection



104

is possible that mitochondrial damage occurs during in vivo infection and may also 
contribute to DNA sensor-mediated activation.  

    Future Directions and Perspectives 

 A fascinating feature of IFN-β inducing pathways is the resources used by the cell 
to detect a wide variety of pathogens to generate this important cytokine. During 
evolution of the immune system, viral infections likely drove this arm of innate 
immunity to the complex form to which it presently exists. During infection with an 
intracellular bacteria, the host cells responds as it would to a viral infection, detect-
ing cytoplasmic nucleic acids and producing IFN-β. However, IFN-β is insuffi cient 
to eradicate bacterial infection and not protective to the host during in vivo infection, 
as in the case of chlamydial infection. In such circumstances, one can speculate that 
the intracellular bacteria likely exploit this antiviral pathway to its advantage. For an 
STI pathogen such as  C. trachomatis  that does not cause death, this would result in 
a prolonged infection period in the host leading to increased transmissibility. Based 
on studies from the mouse model, we can predict that type I IFNs likely contribute 
to the persistent chlamydial infection reported in humans. This could be particularly 
relevant during chlamydial-viral co-infection. For instance during co-infection of  
C. trachomatis  with human papilloma virus, the type I IFN response resulting from 
the viral infection is likely to benefi t  C. trachomatis  infection. Whether this results 
in persistent infection for either or both pathogens is not clear, although there is 
some evidence for  C. trachomatis  infection to be a risk factor for persistent HPV 
infection [ 94 ]. Over the last decade, a lot has been learnt about type I IFN induction 
and its role in chlamydial infection. However, the exact molecular mechanism 
involved in IFN-β mediating host pathology is unclear. Further, the interaction of 
multiple PRRs and their cell type-specifi c role needs further elucidation. Over the 
following decade, we expect discovery of antagonists that can potentially block the 
pathological arm of this innate response during infection, simultaneously enhancing 
a protective T cell response during chlamydial infection.     
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 Mycobacteria are slow growing, facultative intracellular bacilli that primarily reside 
in macrophages. The  Mycobacterium  genus comprises more than 100 different 
 species. Among them are the pathogenic species  Mycobacterium tuberculosis  and 
 M. leprae , causing tuberculosis (TB) and leprosy, respectively. This chapter will 
discuss mainly on the role of type I interferons (IFNs) in  M. tuberculosis  infection, 
which is the focus of the majority of recent studies. TB is one of the major infec-
tious diseases worldwide [ 1 ]. Two billion people are infected with  M. tuberculosis , 
10 % of whom will eventually develop active TB disease [ 2 ]. Annually, more than 
eight million people develop TB, which is responsible for over 1.3 million deaths, 
fi gures still grossly underestimated due to failures in reporting and detection [ 1 ,  3 ]. 
Once considered to be on its way to extinction,  M. tuberculosis  is posing a signifi -
cant threat to global health due to the emergence of multi-drug resistant strains [ 3 ]. 
 M. bovis  Bacillus Calmette–Guérin (BCG), the only TB vaccine available for 
humans, is ineffective in protecting adults against pulmonary TB [ 4 ]. Therefore 
understanding the immune responses to the pathogen may lead to improved 
 vaccination and therapy.  
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    Host Immune Response to  M. tuberculosis  

 Host control of  M. tuberculosis  infection in both humans and mice depends on 
 cell- mediated immunity [ 5 ,  6 ]. Interestingly however, despite the development of an 
adaptive immune response, some bacilli resist killing and survive within macro-
phages in granulomas [ 7 ,  8 ]. Mycobacterial granulomas are typically composed of 
lymphocytes and infected macrophages. The former cell population is thought to 
provide cytokine mediators necessary for macrophage activation and restriction of 
intracellular growth of mycobacteria [ 6 ,  9 ]. Importantly, defects in lymphocyte 
recruitment and retention or effector function during chronic infection can lead to a 
breakdown of immunity and result in progressive infection [ 10 ,  11 ]. 

 Resistance to mycobacteria is critically dependent on the T helper 1 (Th1) 
response [ 5 ,  6 ]. Thus, patients and animals defi cient in IFN-γ, IL-12, STAT1, or 
T-cells show signifi cantly increased susceptibility to mycobacterial infections [ 12 ]. 
In addition to CD4 +  lymphocytes, natural killer (NK) cells also contribute to 
 cytokine production in  M. tuberculosis  infection [ 13 ]. Critically, host control of 
 M. tuberculosis  infection requires intact IFN-γ receptor signaling in both hemato-
poietic and non-hematopoietic components [ 14 ]. It is believed that the key effector 
function of IFN-γ is to activate infected macrophages to produce antimicrobial 
mediators, such as nitric oxide and p47 immunity-related GTPases [ 15 ]. But, emerg-
ing evidence from recent studies indicates that this long-held concept may represent 
an over-simplifi ed view. For example, in addition to impaired bacterial control, 
 M. tuberculosis -infected  Ifng  –/–  mice show severe pulmonary pathology associated 
with dramatically increased accumulation of neutrophils [ 13 ,  16 ]. Together, these 
fi ndings suggest that IFN-γ plays a broader role in infl ammation and infection 
beyond its proposed function in bacterial killing.  

    Mycobacterial Virulence Mechanisms 

 Following infection, avirulent mycobacteria are effectively cleared by host defence 
mechanisms and are unable to persist in the host. In contrast, virulent mycobacteria 
establish persistent infection in the infected host. The ability of  M. tuberculosis  to 
avoid host antimicrobial strategies is well documented [ 17 – 21 ]. One strategy 
involves the action of the  M. tuberculosis  mannose-capped lipoarabinomannan that 
is incorporated into lipid rafts of the plasma membrane, thereby executing arrest in 
phagosomal maturation [ 22 – 25 ]. The bacterium is known to block fusion of lyso-
somes as well as inhibit phagosomal acidifi cation [ 26 ]. This prevents the activation 
of a number of pH-dependent antimicrobial compounds, such as maturation of 
cathepsin D [ 22 ], which are required for destroying intracellular bacteria. 

 It has been assumed that because  M. tuberculosis  is broadly equipped to combat 
phagosomal maturation via inhibition of Golgi-traffi cking, phagosome acidifi cation 
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and lysosomal fusion, that an operational phagosome would be effective in clearing 
infection [ 27 ]. However, the identifi cation of bacterial strategies that allow the sur-
vival of  M. tuberculosis  mutants in fully mature phagosomes challenges this 
assumption. These strategies include the ability to deactivate reactive oxygen 
 species (ROS) and protect against NOS2 damage [ 8 ]. Thus, it is unlikely that 
 M. tuberculosis  causes defi nitive arrest of phagosomal maturation, but rather delays 
it [ 28 ]. This may be a temporary measure to allow the bacteria to adapt and initiate 
transcription in response to the intracellular environment [ 28 ]. Recent studies 
 suggest that rather than using the mycobacterial phagosome as a replicative niche, 
as traditionally believed, the mycobacterially-altered phagosomes act as a prepara-
tion and “waiting room” for escape of the bacteria into the cytosol [ 29 ]. This sug-
gestion has signifi cant ramifi cations, both for bacterial survival and the host defence 
mechanisms involved. 

 In a seminal study, van der Wel et al. [ 30 ] report that virulent  M. tuberculosis  but 
not heat-killed mycobacteria or vaccine strain  M. bovis  BCG are present within the 
cytosol of macrophages 2 days after infection. This translocation is dependent upon 
the bacterial secretion system, early secretory antigenic target 6 system 1 (ESX-1) 
apparatus transcribed by the region of difference-1 (RD-1) genes that are present 
only in virulent mycobacteria including  M. tuberculosis  [ 31 ,  32 ]. However, inter-
estingly, permeabilization of the phagosomal membrane and cytosolic access to 
bacterial pathogen-associated molecular patterns (PAMPs) may occur within hours 
of infection under certain conditions [ 28 ], long before complete translocation of 
bacilli into the cytosol occurs. This may allow bacterial components access to the 
cytosol and avoid their sensing by endosomal Toll-like receptors (TLRs) [ 33 ]. 
Indeed,  M. tuberculosis  β-lactamase catalytic activity occurs in the cytosol progres-
sively, from less than 2 days post infection [ 29 ]. These observations suggest that 
release of bacterial products precedes complete escape of the pathogen. Regardless 
of the sequence of events, this “phagosomal escape” represents a newly character-
ized virulence mechanism of  M. tuberculosis , although whether RD-1 mediates this 
purported partial permeabilization of the membrane [ 34 ] or allows complete trans-
location of the bacilli into the cytosol [ 31 ] remains unclear. Finally, this phago-
somal-cytosolic access hypothesis is further supported by studies demonstrating the 
ability of virulent (RD-1 competent)  M. tuberculosis  to prime CD8 +  T cell responses 
[ 35 ] and activate the infl ammasome [ 36 ,  37 ] since both processes require the access 
of microbial products to cytosolic immune pathways.  

    Type I IFN Production and IFN Signature 

 In the case of mycobacterial infections, type I IFNs are produced in vitro by 
 M. tuberculosis -infected murine macrophages [ 38 ,  39 ], as well as human monocyte 
derived macrophages [ 17 ], dendritic cells [ 40 ], and differentiated monocytic THP-1 
cells [ 41 ]. Importantly type I IFNs are induced during infection with virulent but not 
avirulent mycobacteria such as with  M. bovis  BCG [ 17 ,  21 ,  42 ], indicating that type 
I IFN induction is unique to virulent mycobacteria. 
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 In mice, type I IFNs and their inducible genes are detected in  M. tuberculosis - 
infected  tissues [ 21 ,  43 ]. Similarly, in humans IFN-β is expressed in leprosy skin 
lesions [ 44 ]. Although type I IFN cytokine genes are undetectable in peripheral 
blood of infected human subjects, a large set of IFN-inducible genes are readily 
detected in the same cells. In a seminal study, Berry et al. [ 45 ] identifi ed the pres-
ence of a 393 transcript gene signature in whole blood of active TB patients. Further 
analysis revealed that 86-transcripts can distinguish active TB from other types of 
infl ammatory conditions, such as systemic lupus erythematosus (SLE), which is 
known to be associated with an enhanced type I IFN gene signature [ 46 – 48 ]. 
Interestingly, 10–25 % of latently infected subjects also displayed the IFN signature 
[ 45 ]. Considering that approximately 10 % of latent  M. tuberculosis -infected indi-
viduals will eventually develop active TB in their lifetime, it would be interesting to 
examine whether the IFN gene signature detected in latently infected individuals 
could be predictive for disease progression. 

 This type I IFN-induced gene signature, which includes the transcription factors 
IRF1, IRF7, Oct-1, and proteins of the STAT family, has been confi rmed in patients 
with active TB in multiple recent reports [ 49 – 52 ]. Importantly, these transcriptional 
profi les are also observed in experimental models of  M. tuberculosis  infection in 
mice and in vitro in human cell lines [ 49 ,  50 ], providing an avenue to investigate 
these observations in more detail at a functional level. A study examining the expres-
sion of interferon regulated genes (IRGs) in cattle infected with  M. bovis  (the caus-
ative agent of bovine TB) found an increase in type I and type II IFN regulated 
genes such as  CXCL10 ,  STAT1 ,  IFI16 ,  IRF7 , and  OAS1  [ 53 ], suggesting that similar 
virulence mechanisms may be conserved across mycobacterial species. 

 Leprosy is another major human mycobacterial disease in which a type I IFN 
gene signature is associated with severe disease outcome. Leprosy has traditionally 
been classifi ed into two major types; tuberculoid and lepromatous. Historically, the 
self-healing tuberculoid leprosy is believed to be associated with Th1 responses 
whereas disseminated lepromatous leprosy, which is characterized by uncontrolled 
infection and increased tissue pathology, is driven by a strong Th2 response. 
Interestingly, a recent study demonstrated that lepromatous leprosy is associated 
with an IFN-β-dependent gene signature [ 44 ], providing a novel mechanism for 
uncontrolled bacterial growth associated with this severe form of the disease. 
Together, studies in both  M. tuberculosis  and  M. leprae  infections have clearly estab-
lished that the presence of an IFN-inducible gene signature is associated with disease 
progression and more severe clinical manifestations, although the issue as to whether 
the observed gene signature is driven by type I, type II, or both remains unclear. 

 One of the major challenges in TB management is to effectively distinguish 
latent infection from active disease and to monitor treatment effi cacy. To date, no 
laboratory test is available for these purposes. Therefore, the identifi cation of the 
whole blood IFN signature associated with active TB disease has generated consid-
erable interest in the clinical and basic TB research communities because of its 
potential in diagnosing and monitoring TB disease progression [ 54 ,  55 ]. However, 
the practical impact of the discovery remains unclear, as multiple recent studies 
have demonstrated that the IFN-inducible gene signature is also associated with 

S.A. Stifter et al.



113

other diseases. For example, melioidosis, a disease caused by the intracellular 
 bacterium  Burkholderia pseudomallei , also contains the 86-gene IFN signature 
[ 52 ]. Another example is sarcoidosis   , a lung disease associated with pulmonary 
lesions similar to TB, in which the blood IFN gene signature has 80 % overlap with 
that of active TB patients enrolled in the same study [ 51 ] and in the study published 
by Berry et al. These data suggest that while the IFN signature is associated with 
acute infl ammatory conditions it is not specifi c for mycobacterial infection and TB.  

    Regulation of Host Resistance to Mycobacterial Infection 
by Type I IFN Signaling 

 The hypervirulence of clinical isolates of  M. tuberculosis  correlates with the 
enhanced synthesis of endogenous type I IFN. Mice defi cient in the receptor for 
these cytokines display signifi cantly reduced bacterial loads when chronically 
infected with  M. tuberculosis  [ 21 ,  38 ,  56 ]. More recently, mice defi cient in inter-
feron regulatory factor 3 (IRF3), a key molecule required for type I IFN production, 
were shown to display signifi cantly increased survival and decreased bacterial load 
relative to their wild-type counterparts following  M. tuberculosis  infection [ 34 ]. 
Interestingly, in the absence of IFN-γ signaling, type I IFNs play a protective role in 
 M. tuberculosis  infection as mice defi cient in both  Ifngr  and  Ifnar  display increased 
pathology and mortality than  Ifngr  single defi cient mice [ 57 ]. Therefore, it appears 
the detrimental effect of type I IFN is dependent on the presence of an IFN-γ 
response to  M. tuberculosis . 

 Conversely,  M. tuberculosis -infected mice with elevated type I IFN levels show 
reduced survival and increased bacillary burden compared to control mice. Intranasal 
administration of poly:ICLC, a compound that stimulates high-level production of 
type I IFN, exacerbates pulmonary TB in wild-type but not in type I IFN receptor 
defi cient mice [ 58 ]. In addition, increased mycobacterial burden is reported in a 
mouse model of infl uenza A virus and  M. tuberculosis  co-infection [ 59 ]. Importantly, 
the impaired host resistance is dependent on type I IFN signaling, suggesting that 
concurrent viral infection can exacerbate TB by triggering type I IFN production. 

 Compared to animal studies, the effect of type I IFN on resistance to mycobacte-
rial infection in humans is less clear. Increased incidence of TB disease has been 
reported in patients with active autoimmune diseases or on treatment with recombi-
nant IFN-α. For example, it is established that type I IFNs play a key role in disease 
pathogenesis of SLE and an IFN-inducible gene signature is observed in patients 
with severe disease [ 46 – 48 ,  60 ,  61 ]. In this case, increased incidence of TB disease 
in SLE patients has been reported [ 62 – 64 ]. However, the causal role for SLE in TB 
disease progression is diffi cult to establish, as SLE patients are also more suscepti-
ble to other bacterial infections [ 65 ,  66 ]. This may be a consequence of the immu-
nosuppressant therapy administered to SLE patients, rather than a direct exacerbation 
of TB by type I IFN signaling. It would be informative to examine whether TB/SLE 
patients displaying the IFN gene signature can benefi t from combination therapy 
with the IFN-α blocking antibody currently being evaluated in clinical trials [ 67 ]. 
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 Type I IFN therapy is used frequently for the treatment of multiple sclerosis, 
hepatitis C virus, and a number of cancers [ 68 ]. The effect of type I IFN therapy on 
 M. tuberculosis  infection remains controversial, since both benefi cial and detrimen-
tal effects have been reported [ 69 – 74 ]. In a number of cases administration of IFN-α 
alone or in combination with standard anti-mycobacterial regimen enhanced myco-
bacterial control in TB patients. In one study, aerosolized IFN-α lead to earlier reso-
lution of infection and was associated with lower levels of IL-1β, IL-6, and TNF-α 
in bronchoalveolar lavage fl uid [ 75 ]. In a second case, inclusion of IFN-β to a four 
drug regimen of mycobacterial antibiotics resulted in rapid resolution of a previ-
ously diffi cult-to-treat infection [ 76 ]. Together, these confl icting clinical data make 
it diffi cult to conclude the effect of type I IFNs on  M. tuberculosis  infection and TB 
disease in humans, although it is plausible that type I IFNs are detrimental to 
 M. tuberculosis  control in certain circumstances but benefi cial in others.  

    Innate Sensing for Type I IFN Induction 

 Mycobacteria are complex microorganisms that primarily interact with cells of the 
phagocyte lineage (macrophages and dendritic cells). Recognition of mycobacterial 
products by surface and cytosolic pathogen recognition receptors (PRRs) leads to 
the activation of multiple innate pathways. 

 Cell surface sensing of  M. tuberculosis  19 kDa lipoprotein occurs through 
TLR2 in association with TLR1 or TLR6 [ 77 ,  78 ]. However, these TLRs lack TRIF 
signaling adaptors and are unable to transduce signals culminating in IRF3 activa-
tion and IFN production [ 79 ]. In infected DCs, sensing of mycobacterial unmethyl-
ated CpG-DNA by TLR9 in the endosomal compartment is inhibited by the 
mycobacteria [ 80 ]. Consequently, TLR signaling is not necessary for  M. tuberculosis - 
mediated  induction of type I IFNs [ 19 ,  21 ,  42 ,  81 ,  82 ]. 

 Virulent mycobacteria capable of causing damage to the phagosomal membrane 
can trigger type I IFN production in infected macrophages, suggesting that cytosolic 
sensing could be responsible for mycobacterium-induced type I IFN production. 
Damage to the phagosomal membrane is accomplished by the ESX-1 secretion sys-
tem [ 21 ]. Known cytosolic receptors for muropeptides, components of the bacterial 
cell wall, are the nucleotide-binding oligomerization domain-containing protein 
(NOD) receptors [ 42 ,  43 ,  83 ]. In  M. tuberculosis  infection, bacterially derived 
 N -glycolyl-muramyl dipeptides (MDPs) in the cytosol have been reported to acti-
vate the NOD2 sensor, which leads to the induction of type I IFN production in 
macrophages [ 42 ,  84 ] along with other functions in the innate and adaptive response 
[ 85 ]. In this model, NOD2 recognition of  M. tuberculosis  MDP triggers the ubiqui-
tination of the receptor-interacting protein kinase 2 (RIP2), which subsequently 
activates TANK binding kinase 1 (TBK1) to stimulate IRF5 leading to the 
 transcription of type I IFN genes (Fig.  1 ).

   However, a distinct sensing mechanism has been proposed recently. Cox and 
colleagues have demonstrated that induction of type I IFN genes in murine cells 
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  Fig. 1    The postulated mechanisms underlying the induction and function of type I IFN in myco-
bacterial infection. Phagosomal damage caused by ESX-1, a mycobacterial secretion system pres-
ent only in virulent mycobacteria, and subsequent cytosolic translocation of microbial products 
initiates the innate cascades for type I IFN production in mycobacterial-infected macrophages. 
Although both avirulent and virulent mycobacteria can activate NF-κB (not depicted) and MAPK 
pathways through surface expressed pattern recognition receptors, only virulent mycobacteria acti-
vate cytosolic innate mechanisms leading to type I IFN production. It is postulated that mycobacte-
rial MDP recognized by NOD2 triggers a TBK1 and IRF5-dependent pathway  (1)  whereas 
mycobacterial double-stranded DNA activates a STING, TBK1, and IRF3-dependent mechanism 
 (2) . Both pathways are not effectively triggered by BCG or other RD1-defi cient mycobacteria, 
which lack the ESX-1 secretion system. Finally, activation of the TPL-2/ERK pathway is capable 
of limiting  M. tuberculosis  induced type I IFN production  (3)  (indicated in  red line ). The produc-
tion of type I IFN has been associated with increased susceptibility to mycobacterial infection. The 
cytokines inhibit known antimicrobial effector mechanisms, such as IFN-γ-induced MHC class II 
upregulation, IFN-γ receptor expression and IL-1β production. Type I IFNs also induce IL-10 and 
SOCS1 to suppress host protective Th1 response to the pathogen. Finally, over-production of type 
I IFN exacerbates  M. tuberculosis  infection by recruiting immature myeloid cells that are incom-
petent in killing intracellular bacteria       
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requires the activation of the Stimulator of IFN genes (STING) by cytosolic myco-
bacterial products and subsequent phosphorylation of TBK1 and IRF3 [ 34 ]. Due to 
the fact that the pathway plays a key role in sensing bacterial DNA [ 86 – 89 ], the 
fi nding implies that mycobacterial DNA is a cytosolic PAMP for type I IFN induc-
tion. Indeed,  M. tuberculosis  DNA is detected in the cytosolic fraction of infected 
macrophage lysates [ 34 ]. 

 Cytosolic cyclic-di-GMP is a molecule unique to bacterial but not mammalian 
cells [ 82 ]. Due to its bacterial specifi city, c-di-GMP represents an important target 
for innate immune recognition, and has been shown to induce potent activation of 
cytosolic pathways [ 90 ].  Listeria monocytogenes  c-di-AMP is known to induce type 
I IFN production [ 91 ] by binding to the cytosolic DNA sensor STING [ 92 ,  93 ]. 
However, unexpectedly, mycobacterial c-di-GMP and c-di-AMP are not involved in 
stimulating type I IFN production in infected murine macrophages [ 34 ] although 
mutations in c-di-GMP signaling within mycobacteria has been linked to impaired 
infectivity of  M. tuberculosis  [ 94 ,  95 ].  

    Function of Type I IFN in Mycobacterial Infection 

 While the mechanisms of action by which type I IFN increase mycobacterial 
 virulence are still being investigated, some studies have provided important insights 
as to how the cytokines negatively affect anti-mycobacterial immunity (summarized 
in Fig.  1 ). 

 Recent work has demonstrated that type I IFNs regulate the production of IL-1β, 
a critical cytokine in host resistance to  M. tuberculosis  infection. Novikov et al. [ 17 ] 
demonstrate that exogenous and  M. tuberculosis -induced type I IFNs are able to 
suppress  IL1B  gene transcription in human macrophages. Although the exact 
molecular mechanism responsible for the suppression has yet to be defi ned, a sepa-
rate study found that the type I IFN-dependent IL-1β inhibition could be partially 
restored by blocking IL-10 activity [ 96 ]. In addition, IFN-β-dependent IL-10 sup-
presses IFN-γ-dependent antimicrobial mechanisms in  M. leprae -infected human 
macrophages and is associated with the development of lepromatous leprosy [ 44 ]. 
IL-10 is an anti-infl ammatory cytokine known to inhibit Th1 responses and macro-
phage antimicrobial effector functions. Importantly, the cytokine has been shown to 
exacerbate murine mycobacterial infection in some settings [ 97 – 99 ]. It is, therefore, 
possible that IL-10 induction by type I IFNs is one of the general mechanisms con-
tributing to the pro-bacterial effect of type I IFNs. 

 In addition to inducing IL-10, type I IFNs upregulate negative regulators of IFN 
signaling including suppressor of cytokine signaling 1 (SOCS1) [ 100 ,  101 ].  Socs 1 
gene expression is elevated in infection with  M. tuberculosis  strains, particularly 
those of high virulence and associated with high IFN-α/β stimulating activity [ 39 ]. 
SOCS molecules are also found to be increased in active human TB cases and 
appear to correlate with disease severity [ 102 ,  103 ]. Experimentally, mouse macro-
phages defi cient in type I IFN receptor demonstrated reduced  Socs1  gene induction 
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after mycobacterial infection [ 104 ].  Socs1  defi cient macrophages displayed reduced 
bacterial numbers compared to wild-type macrophages and, importantly, this effect 
was dependent on the inhibition of IFN-γ signaling thereby providing a mechanism 
by which type I IFNs suppress the antimicrobial activities of IFN-γ [ 104 ]. In addi-
tion, it is well established that type I IFNs can down-regulate the expression of 
IFN-γ receptor [ 105 ,  106 ]. This down-regulation has also been observed in 
 M. tuberculosis  infection when infected mice were treated with the synthetic type I 
IFN inducer poly:ICLC [ 58 ]. Limiting the expression of cell surface IFN-γ receptor 
would likely impair IFN-γ-dependent effector functions in macrophages, such as 
induction of NOS2. 

 While multiple mechanisms have been postulated to explain the pro-bacterial 
function of type I IFNs in mycobacterial infection in vitro, the exact function of the 
cytokines in vivo is poorly understood. Type I IFN has been shown to down-regulate 
the Th1 response in one study [ 38 ] but not others [ 56 ,  58 ]. Interestingly, the detri-
mental effect of poly:ICLC treatment in  M. tuberculosis -infected mice is linked to 
the dramatically increased accumulation of immature infl ammatory monocytes 
[ 107 ]. Flow cytometric sorting experiments reveal that immature myeloid cells har-
bor signifi cantly more bacteria than their mature counterparts. Therefore, type I 
IFNs may contribute to host susceptibility to  M. tuberculosis  infection by supplying 
a niche for mycobacterial growth and survival. The mechanisms that regulate type I 
IFN production in vivo are also not well defi ned. However, a recent study demon-
strated that mice defi cient in tumor progression locus-2 (TPL-2) show increased 
levels of IFN-β in the serum and bacillary loads in lungs compared to wild-type 
controls following infection with  L. monocytogenes  and  M. tuberculosis . It is postu-
lated that the activation of TPL-2 and extracellular signal-regulated kinase 1/2 
(ERK1/2) pathways, possibly by TLR signals, prevents excessive production of 
type I IFN during the infections [ 108 ].  

    Concluding Remarks 

 Increasing evidence suggests that type I IFNs negatively regulate host resistance 
to intracellular pathogens including mycobacteria. There is an urgent need for a 
better understanding of the cytokines’ biological functions in infection, as well 
as identifi cation of the host and mycobacterial factors required for the cytokine 
production. While the question as to whether an IFN-inducible gene signature will 
assist in identifying TB cases and latently infected individuals who are at high 
risk of developing active disease needs to be carefully examined in longitudinal 
studies, it is clear that type I IFN inducing agents should be used with caution in 
people with mycobacterial infection. Finally, it would be interesting to examine 
whether therapeutic blockade of some components of the type I IFN signaling 
pathway could promote bacterial clearance and reduce TB reactivation and trans-
mission in  humans.     
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