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During the course of infectious disease, the immune system generates a robust inflammatory 

response in order to eradicate the invading pathogen and restore tissue homeostasis. An essential 

feature of this process is the ability of the host to provide an anti-microbial response while 

preventing unnecessary collateral tissue damage. Many pro-inflammatory pathways, which 

contribute to host defense against infectious disease have been identified; however, the pathways 

that regulate and resolve the pro-inflammatory response preventing tissue injury are not well 

understood. To study the mechanisms by which the acute inflammatory response is resolved, we 

studied the Type I Interferon (IFN) pathway, a hallmark feature of acute phase immune response 

to viral infection, where induction of interferon stimulatory genes (ISGs) is required for host 

defense. In contrast, a strong type I IFN response often correlates with higher bacterial virulence 

and absence of a type I IFN response can enhance host-mediated clearance of many bacterial 

species. Therefore, it remains unknown whether the type I IFN response to bacterial infection is 

of benefit to the host and what the functional role might be. To elucidate the key regulatory 

pathways involved, we utilized RNA sequencing to identify a network of pro-inflammatory 

molecules that are transiently up-regulated but rapidly down-regulated in Toll like receptor 
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(TLR) 4 stimulated mouse macrophages. Further studies in transgenic knockout animals revealed 

that the resolution of this pro-inflammatory network was dependent on type I IFN signaling as 

well as signaling of two type I IFN downstream targets, interleukin 27 (IL-27) and interleukin 10 

IIL-10). Importantly in a model of acute systemic bacterial infection, abrogating the function of 

these molecules enhanced the host anti-microbial response, but concomitantly augmented 

inflammation including immune mediated organ damage resulting in increased mortality. Thus 

we have defined a type I IFN, IL-27 and IL-10 gene program, which is required for resolving 

acute inflammatory response to protect against tissue injury. Conversely we hypothesized that 

prolonged signaling by this pathway could create an immunosuppressive state conducive to the 

establishment or persistence of chronic infection. Utilizing a murine model of herpesgammavirus 

we demonstrate that defects in IL-27 or IL-10 signaling had little effect on active, lytic viral 

replication but prevented the establishment of viral latency. Thus we demonstrate how a single 

pathway can provide both beneficial and detrimental features in response to infectious disease. 
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Chapter 1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INTRODUCTION 
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 The renowned Scottish surgeon and Royal Society member, John Hunter, wrote in 1794 

“Inflammation in itself is not to be considered as a disease but as a salutary operation consequent 

to some violence or some disease” (1). This insight emphasizes the notion that though 

inflammation is an integral part of the host response to real or perceived threats to tissue 

homeostasis, the ultimate outcome of this process is successful resolution and repair of damaged 

tissue. Thus by design, inflammation is a finite process that resolves as soon as the threat of 

infection abates and tissue restoration has concluded.  Consequently, persistent inflammatory 

stimuli or dysregulation of mechanisms of the resolution phase can result in chronic 

inflammation and potentially autoimmune disease (2). 

 The acute inflammatory process is characterized by rapid recruitment of granulocytes to 

the inflammatory site. These cells play a key role in the defense against bacterial, fungal and 

viral infections and in resistance to parasitic invasion and the allergic response. The molecular 

events underlying the initiation and propagation of inflammatory response are becoming 

increasingly well characterized, however relatively little is known about how acute inflammation 

resolves to prevent chronic inflammatory diseases. Resolution of inflammation is perceived to 

occur by elimination of granulocytes (neutrophils, eosinophils, basophils) and the eventual return 

of tissue mononuclear cells (macrophage, lymphocytes) numbers to basal levels (2). For effective 

resolution to occur, cessation of proinflammatory signaling is a prerequisite that preempts 

removal of infiltrating granulocytes. Consequently, neutrophils undergo apoptosis preventing the 

release of histotoxic cellular contents	  (3). Subsequent morphological changes and remodeling of 

cell surface markers enable recognition of apoptosing neutrophils by professional phagocytes, 

such as macrophages, that mediate effective clearance of dying cells (3)	  (4). Recognition of these 

apoptotic cells by macrophages does not liberate pro-inflammatory agents from the macrophages 
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themselves but can release anti-inflammatory signals such as Interleukin 10 (IL-10) and 

transforming growth factor β (TGFβ) (5). Thus not only is apoptosis a non-inflammatory way of 

disposing of cells, but this method has the added advantage of conferring upon macrophages an 

anti-inflammatory phenotype conducive to resolution. Once phagocytosis is complete, 

macrophages can leave the inflamed site by lymphatic drainage (6)	  (7). Adherence to these 

successive steps prevents excessive tissue damage and presumably gives little opportunity for the 

development of chronic, non-resolving inflammation. However, successive exposure to wounds 

and infections over time appears to engender susceptibility to chronic inflammatory diseases 

later on in life	  (8).  

Interleukin 10: Executor of Anti-inflammatory Response 

Interleukin 10 is a potent anti-inflammatory cytokine that plays a crucial and often 

essential role in preventing inflammatory and autoimmune pathologies	  (9) (10). Deficiencies or 

aberrant expression of IL-10 can enhance inflammatory response to microbial challenge but also 

leads to development of inflammatory bowel disease and a number of autoimmune diseases	  (11)	  

(12) (13). Thus impaired IL-10 expression or signaling can enhance clearance of pathogens 

during an acute infection but also exaggerate inflammatory response, resulting in exacerbated 

immunopathology and tissue damage (13)	  (14)	  (15)	  (16). Conversely, some pathogens can 

harness the immunosuppressive capacity of IL-10 to limit host immune response leading to 

persistent infection	  (17)	  (18).  

 IL-10 was initially described as a T helper (Th2)-derived cytokine, however, now it is 

widely accepted that IL-10 is not restricted to certain T cell subsets but instead is produced in 

almost all leukocytes (9). In vivo, major sources of IL-10 include T helper cells, monocytes, 

macrophages and dendritic cells, however myriad immune effector types are capable of 
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producing IL-10 in certain contexts including B cells, cytotoxic T cells, NK cells, mast cells, and 

granulocytes like neutrophils and eosinophils (19)	  (20)	  (21). Additionally, non-immune effector 

types such as epithelial cells and keratinocytes are also capable of producing IL-10 in response to 

infection or tissue damage as well as tumor cells	  (22).  

 IL-10 immunosuppressive activity is mediated by heterodimeric IL-10 receptor (IL-

10R1/R2). Though the IL-10 receptor complex has a range of expression in a variety of cell 

types, monocytes and macrophages appear to be the primary target of IL-10	  (23)	  (24).  Receptor 

ligation activates JAK/STAT signaling leading to large changes in the expression profile of 

immunomodulatory genes (25)	  (26), which in effect, serve to inhibit the release of pro-

inflammatory mediators, decrease antigen presentation and phagocytosis, and concomitantly 

enhance the inhibitory, tolerance and scavenger functions of these cells.  Additionally, through 

release of anti-inflammatory molecules like interleukin 1 receptor agonist (IL-1RA), soluble 

TNFα receptor and interleukin 27 (IL-27) or via physical interactions with T lymphocytes, IL-10 

can directly or indirectly inhibit the development of Th1 cells (10), suppress Th2 cell and allergic 

response (19) and enhance regulatory T cell function (27). Finally certain pathogens can promote 

a favorable environment for infection and persistence by expressing IL-10 homologs that bind 

the IL-10 receptor and exert immunological effects similar to that of the endogenous ligand. This 

is best characterized during infection with the gammaherpesvirus Epstein Barr Virus (EBV) 

which encodes an IL-10 mimic, BCRF1 (28) (29).  

 Given the powerful anti-inflammatory properties of IL-10 and the consequence of 

impaired IL-10 function in the development of a number of experimental disease models, 

including chronic inflammatory bowel disease, rheumatoid arthritis psoriasis, systemic lupus 

erythematous, multiple sclerosis, transplant rejection, cancer as well as various infectious disease 
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models (reviewed in (30)), there have been focused efforts to ascertain the therapeutic potential 

of recombinant IL-10 against these disease. However, ectopic administration of IL-10 has had 

limited efficacy in clinical settings (31).  

 This intimates that an understanding of how IL-10 expression is regulated in a context- 

and cell-specific manner are important for the development of immune intervention strategies 

against various pathologies. These include: elucidating multiple layers of IL-10 regulation, 

including signaling in response to different stimuli, epigenetic regulation of chromatin structure 

of the IL10 locus, identification of shared or cell type specific transcription factors as well as 

post-transcriptional mechanisms of gene expression regulation.  

Interleukin 10 and Infectious Disease 

 Initial studies revealed that deficiencies in IL-10, through disruption of the IL10 gene or 

IL-10 signaling, via receptor blockade, enhanced host control and clearance of the majority of 

intracellular infections. In the case of many parasitic infections, such as Leishmania donovani, 

Yersinia pestis, and Yersinia enterocolitica, Il-10 is a critical biomarker for poor disease outcome 

(27). Furthermore, several pathogens have evolved mechanisms that selectively upregulate IL-10 

during the course of infection, presumably to create a more favorable microenvironment. For 

example, Toxoplasma gondii is capable of shutting down TLR4 mediated LPS signaling in a 

manner that specifically blocks TNFα expression but allows for production of IL-10 (32). A 

similar pattern of expression is observed in patients infected with Mycobacterium tuberculosis 

(33). 

 Conversely, while the absence of IL-10 is often initially beneficial to the host, prolonged 

IL-10 deficiency can often be detrimental in the long term. Enhanced and continuous production 

of inflammatory cytokines can lead to septic shock in the context of viral, bacterial, or fungal 



 6	  

infections (13, 34) (35). Because inflammatory molecules can often be potent activators of cell 

death, increasing levels of IL-10 can moderate the extent of apoptosis that is induced in response 

to infection. 

 Spatial and temporal elements of IL-10 induction are critical features of IL-10 mediated 

resolution of inflammation.  Excessive IL-10 production can inhibit pro-inflammatory response 

to a number of pathogens to the extent that pathogens can escape immune control resulting in 

either fulminant and rapidly fatal or chronic non-healing infections	  (18)	  (36, 37).  While the 

human immune system is specialized and highly efficient at fighting microbial infections, certain 

pathogens have evolved strategies to escape detection or overcome immune response, rendering 

them capable of persisting in the host. These predominantly include viruses, such as human 

immunodeficiency virus (HIV), hepatitis C virus (HCV) and herpes virus. Interestingly, in a 

number of these cases, an increase in systemic IL-10 production can be observed in patients 

harboring persistent viral infection (38)	  (39) (40)	  (41). Elevated IL-10 signaling can inhibit pro-

inflammatory cytokine production through direct targeting of immune effector types, but can 

also indirectly modulate immune function by preventing maturation of macrophage and dendritic 

cells, thereby limiting co-stimulatory, antigen presentation, and chemokine secretion capacity of 

the host. In the case of HIV, IL-10 mediates hampering of APC maturation, reduces the efficacy 

of antigen presentation from these cells and incurs T cell dependent suppression of anti-viral 

response (42). Interestingly, a number of viruses are capable of expressing IL-10 homologs that 

often bear strong sequence homology with host cellular IL-10. For instance, Epstein Barr virus 

expresses a viral IL-10 homolog that is 84% identical to IL-10 (28). Furthermore, single 

nucleotide polymorphisms in the IL-10 region have been associated with natural clearance of 

HCV in some populations (43) (52).  
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 Thus it has been proposed that IL-10 may play a role in maintaining persistence and 

pathogenicity in chronic infections. Proof of this concept is best demonstrated in a model of 

chronic viral infection using lymphocytic choriomeningitis (LCMV) clone 13. Here systemic IL-

10 production coincides with a loss of CTL response directed against the virus	  (17) (18). 

Neutralizing IL-10 signaling either through receptor antibody blockade or specific gene deletion 

led to rapid resolution of persistent LCMV clone 13 infections. Similarly, disruption of IL-10 

prevents the establishment of a latent murine herpesvirus 68 (MHV68) a model of gammaherpes 

infection	  (44), although it is thought the molecular mechanisms of IL-10 mediated establishment 

of persistent LCMV infection and latently infected MHV68 are distinct. These studies do, 

however, highlight the fact that in some cases, systemic anti-inflammatory response rather than 

acute deficiencies in antiviral response can lead to chronic viral infection.  

IL-10 production by Innate Immune Cells 

 Antigen presenting cells (APCs) are an important source of IL-10 that serves to provide 

autocrine feedback to limit or resolve pro-inflammatory molecule production, restrict antigen 

presentation itself, enhance scavenger and phagocytic capabilities and influence the development 

of adaptive responses. Notably, monocytes, macrophages and myeloid but not plasmacytoid 

dendritic cells provide robust sources of IL-10 from the APC lineage (45). A clear role for 

myeloid derived IL-10 in mediating the anti-inflammatory response to endotoxin was 

demonstrated in mice deficient for IL-10, specifically in myeloid cells (15). IL-10 producing 

APCs have distinct biological features and gene expression profiles, which are known to have a 

profound influence on the differentiation, maintenance and function of various T cell subsets (3). 

The developmental activity of high IL-10 expression:low inflammatory cytokine expression 

macrophage subsets can lead to alterations or selective enhancement of adaptive immune 
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responses (15). Thus myeloid derived IL-10 can have an important influence on adaptive 

immune response to viral and bacterial infections as well as autoimmune progression (17)	  (46).  

 IL-10 expression in innate immune cells is primarily induced through the activity of 

pattern recognition receptors (PRRs) that specifically recognize pathogen-derived products 

and/or intrinsic “danger” molecules, which trigger the expression of target genes that facilitate 

APC, phagocytic, anti-microbial and scavenger function; as well as stimulate a cascade of 

signaling events leading to cellular infiltration of the inflammatory milieu to the site of infection 

or tissue damage (8). Importantly, both macrophages and DCs can express IL-10 following 

activation of specific PRRs (15)	  (47). These include products derived from gram-positive and 

gram-negative bacteria, viral particles, and other potential ligands that trigger activation of Toll-

like receptors (TLRs) located on the cell surface or compartmentalized in endosomes, 

intracellular PRRs including RIG-I and Nod2-like family of receptors, C-type lectin signaling or 

ligation of CD40 and Fc receptors (48) (47)  

Toll like receptor signaling 

 TLRs can initiate distinct innate immune response through the recruitment of different 

adaptor family members, primarily myeloid differentiation primary response 88 (MyD88) and 

TIR-domain containing adaptor protein inducting IFNβ (TRIF) (242). Currently at least 13 TLRs 

have been cloned in mammals and each receptor is involved in the recognition of a unique set of 

PAMPs. For example, TLRs 3, 4, and 9 recognize double stranded RNA, lipopolysaccharide 

(LPS) and bacterial DNA motifs (CpG), respectively.  Although all TLRs share the 

evolutionarily conserved TIR domains, the amino acid sequences within the TIR are divergent, 

which provide opportunities for individual TLRs to recruit different MyD88 family members for 

different cellular responses. These adaptors function as platforms to organize downstream 
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molecules into signaling complexes, leading to activation of multiple signal cascades eventually 

resulting in specific cellular responses against different types of pathogens. Work from our lab 

and others have identified two major TLR signaling pathways: MyD88-dependent activation, 

utilized by all TLRs (except TLR3), which transmits signals culminating in NFκB and MAP 

kinase activation resulting in the induction of inflammatory genes such as CXCL1, TNFα, and 

IL-1β; and the TRIF-dependent pathways, utilized by TLR3 and TLR4, involving the induction 

of type I interferons (IFNs) and secondary response genes activated by IFNβ in an 

autocrine/paracrine manner	  (49) (50).  

Type I Interferon signaling 

 Classically, type I IFNs are characterized by their potent ability to “interfere” with viral 

replication. However, more recently, this family of cytokines has been implicated not only in 

host defense against viral infections, but also for its potential immunomodulatory effects on both 

innate and adaptive immune cells. The type I IFN family mainly consists of multiple IFNα 

members and a single IFNβ. Induction of IFNs by both TLR and RIG-I pathways requires the 

TANK-binding kinase 1 (TBK1) or inducible IκB kinase (IΚΚi), essential for activation of IRF3 

and IRF7, which control transcription of type I IFN. TLR3- and TLR4-dependent IRF3/IRF7 

phosphorylation and IFN induction require the adaptor protein TRIF whereas other TLRs, 

including TLR2, TLR7, TLR8 and TLR9 do not robustly induce type I IFNs in macrophage cells 

in most context. In addition to TLRs, intracellular receptors such as RIG-I and MDA-5 can also 

lead to IRF3/IRF7 mediated type I IFN induction through adaptor molecules like CARDIF (also 

known as IPS-1, MAVS, VISA). Binding of IFNs to the type I IFN receptor (IFNAR1/IFNAR2) 

results in the rapid autophosphorylation and activation of the receptor-associated JAKs: TYK2 

and JAK1, which in turn regulate the phosphorylation and activation of STAT transcription 
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factors, predominantly STAT1 and STA2 in myeloid cells. Activated STATs subsequently form 

homodimers, heterodimers, or complexes together with IRF9 and translocate to the nucleus 

where they initiate transcription by binding specific sites on the promoters of IFN-stimulated 

genes. 

Type I Interferons and autoimmune disease 

 While a large subset of IFN target genes have proposed anti-viral function, type I IFNs 

are capable of exerting immunomodulatory effects on both innate and adaptive immune cells. In 

fact, systemic administration of IFNβ has been used to treat patients with a number of 

autoimmune diseases  (76) (77).  Efficacy of type I IFN therapies is especially beneficial against 

tissue specific autoimmune or inflammatory syndromes characterized by activation of effector 

Th1 and Th17 responses including arthritis, inflammatory bowel diseases and multiple sclerosis 

(51)	  (52)	  (53). IFNβ is a common and effective treatment for reducing disease recurrence in 

multiple sclerosis (54)	  (55). The mechanisms by which type I IFN affects these pathological 

conditions are most likely linked to its immunoregulatory effects on restricting Th1 and Th17 

developmental conditions and activation of regulatory T cells (56)	  (57)	  (46). 

Type I Interferons and bacterial infections 

 Type I IFNs are robustly produced during both viral and bacterial infections. Mechanisms 

of IFN signaling leading to anti-viral activity have been well documented and functional 

characterization of interferon stimulatory genes (ISGs) in this context is underway (58) (59)	  (60). 

In contrast, the functional effects of type I IFN during bacterial infections are complex and do 

not always favor the host over the invading microbe (61)	  (62). In certain context, type I IFNs can 

protect mice against	  Salmonella typhimurium or group B streptococci infections.  In many cases, 

the production of type I IFN is detrimental to host defense. Type I IFN receptor deficient mice 
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(IFNAR KO) are more resistant to infection with Francissella tularensis and Listeria 

monocytogenes compared to wild-type	  (63)	  (64)	  (65) (66).  Increased type I IFN production is 

correlated with bacterial virulence during Mycobacterium tuberculosis infection (30). Type I IFN 

activity may also interfere with intracellular bactericidal mechanisms, suppress Th17 response, 

(46) and promote susceptibility to post-influenza secondary bacterial infection (67) (68).  

Though deficiencies in type I IFN signaling confer more resistance to LPS endotoxin shock 

independent of the production of pro-inflammatory molecules (69), systemic recombinant IFNβ 

administration suppresses LPS-induced footpad swelling and prevents mortality in LPS treated 

mice (30).  

RNA Sequencing Technology and the Toll like receptor signaling network 

 The rapid development of high throughput sequencing technology have allowed for 

transcript dynamics analysis at a global level in a highly quantitative manner. Toll-like receptor 

signaling in macrophages has long been a widely used model for characterizing mechanistic 

features of gene expression in innate immune cells, and recent RNA-seq and ChIP-seq strategies 

have provided valuable kinetic analyses of transcript induction and stability as well as provided 

an epigenetic landscape implicit in regulating these global changes in gene expression (70)	  (71)	  

(72)	  (73)	  (26)	  (74).  The majority of these studies have focused on early events governing 

changes in gene expression. Consequently, there is a fundamental lack of knowledge concerning 

the duration to which TLR target gene expression persists as well as an appreciation for the 

regulatory logic underlying their resolution. It follows that understanding these processes at the 

cellular level may provide important clues as to how inflammation is resolved in response to 

tissue damage and infection at a systemic level.  
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******** 

Our motivation is to understand the basic molecular processes that facilitate restitution of acute 

inflammatory reactions in response to wounds and infections and how this regulation confers a 

transition to a chronic inflammatory state. Earlier studies have provided strong evidence that IL-

10 a major mediator of anti-inflammatory response plays an integral role in stimulus dependent 

negative feedback against acute pro-inflammatory response in the short term as well as 

promoting susceptibility to chronic viral and bacterial infections over time. To date, the factors 

that modulate IL-10 expression and dictate beneficial and detrimental outcomes of IL-10 

response remain poorly understood. In this series of studies, we first identify a novel pathway by 

which TLR4 signaling leads to robust IL-10 protein production through a processive 

autocrine/paracrine signaling module involving the sequential induction of type I interferons and 

the anti-inflammatory molecule IL-27 (Chapter 2).  We then utilize RNA-seq technology to 

assess transcriptome kinetics in response to TLR4 stimuli and define a global gene program 

based on individual gene expression profiles. We find that deficiencies in IFN and IL-27 

signaling, both required for IL-10 production lead to persistent expression of a large number of 

pro-inflammatory genes normally resolved in a cell intrinsic manner involving IL-10 response 

(Chapter 3). This leads us to propose a temporal model of pro-inflammatory response in which 

type I IFN activity produced during TLR4 activation plays dual roles in directing anti-viral 

response as well as coordinating an anti-inflammatory gene program that acts to negatively 

regulate pro-inflammatory gene expression over time. Bioinformatic and gene ontology analyses 

reveal that genes involved in anti-bacterial response including those involved in neutrophil 

recruitment are selectively repressed via this type I IFN mediated pathway. We reason that this 

suppressive activity may be a reason host anti-bacterial responses include a type I IFN 
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component. In Chapter 4 we utilize a well established model of Escherichia coli induced 

peritonitis to investigate the role of type I IFN signaling during bacterial infection. We find that 

defects in type I IFN, IL-27 and IL-10 signaling, while enhancing elimination foreign pathogens 

ultimately have more severe outcomes of pathology due to a failure to resolve pro-inflammatory 

responses. We propose that perpetual infiltration of activated myeloid cells in the absence of 

pathogens leads to collateral tissue damage resulting in decreased survival overall.  These studies 

highlight the beneficial role type I IFNs play in coordinate resolution of systemic inflammation 

once a bacterial pathogen has been eliminated. However, we postulate that over the long term, 

IFN and IL-27 signaling leading to IL-10 production can lead to susceptibility to chronic viral 

infections. We investigate what role type I IFNs and IL-27 signaling play in the establishment of 

persistent viral infections using a murine model of gammaherpesvirus (MHV68) which exists in 

both a state of active replication (lytic) and a persistent but inactive state (latency). We find that 

defects in IFN signaling result in uncontrolled viral activation.  However, animals deficient in 

IL-27 and IL-10 signaling while able to clear lytic viral replication as well as wild-type animals, 

fail to promote the establishment of latent virus during the course of infection (Chapter 5). 

  



 14	  

REFERENCES 
1. G. Majno, The Healing hand (Harvard University Press, 1991). 

2. C. Nathan, A. Ding, Nonresolving inflammation, Cell 140, 871–882 (2010). 

3. J. S. Savill et al., Macrophage phagocytosis of aging neutrophils in inflammation. 
Programmed cell death in the neutrophil leads to its recognition by macrophages, J. Clin. Invest. 
83, 865–875 (1989). 

4. J. S. Savill, P. M. Henson, C. Haslett, Phagocytosis of aged human neutrophils by 
macrophages is mediated by a novel “charge-sensitive” recognition mechanism, J. Clin. Invest. 
84, 1518–1527 (1989). 

5. M.-L. N. Huynh, V. A. Fadok, P. M. Henson, Phosphatidylserine-dependent ingestion of 
apoptotic cells promotes TGF-beta1 secretion and the resolution of inflammation, J. Clin. Invest. 
109, 41–50 (2002). 

6. G. J. Bellingan et al., Adhesion molecule-dependent mechanisms regulate the rate of 
macrophage clearance during the resolution of peritoneal inflammation, J. Exp. Med. 196, 1515–
1521 (2002). 

7. D. W. Gilroy et al., Inducible cyclooxygenase-derived 15-deoxy(Delta)12-14PGJ2 brings 
about acute inflammatory resolution in rat pleurisy by inducing neutrophil and macrophage 
apoptosis, FASEB J. 17, 2269–2271 (2003). 

8. R. Medzhitov, Inflammation 2010: new adventures of an old flame, Cell 140, 771–776 (2010). 

9. R. Sabat et al., Biology of interleukin-10, Cytokine Growth Factor Rev. 21, 331–344 (2010). 

10. R. Kühn, J. Löhler, D. Rennick, K. Rajewsky, W. Müller, Interleukin-10-deficient mice 
develop chronic enterocolitis, Cell 75, 263–274 (1993). 

11. R. K. Sellon et al., Resident enteric bacteria are necessary for development of spontaneous 
colitis and immune system activation in interleukin-10-deficient mice, Infection and Immunity 
66, 5224–5231 (1998). 

12. A. O'Garra, F. J. Barrat, A. G. Castro, A. Vicari, C. Hawrylowicz, Strategies for use of IL-10 
or its antagonists in human disease, Immunol. Rev. 223, 114–131 (2008). 

13. R. T. Gazzinelli et al., In the absence of endogenous IL-10, mice acutely infected with 
Toxoplasma gondii succumb to a lethal immune response dependent on CD4+ T cells and 
accompanied by overproduction of IL-12, IFN-gamma and TNF-alpha, J. Immunol. 157, 798–
805 (1996). 

14. C. Li, I. Corraliza, J. Langhorne, A defect in interleukin-10 leads to enhanced malarial 
disease in Plasmodium chabaudi chabaudi infection in mice, Infection and Immunity 67, 4435–
4442 (1999). 



 15	  

15. L. Siewe et al., Interleukin-10 derived from macrophages and/or neutrophils regulates the 
inflammatory response to LPS but not the response to CpG DNA, Eur. J. Immunol. 36, 3248–
3255 (2006). 

16. J. Sun, R. Madan, C. L. Karp, T. J. Braciale, Effector T cells control lung inflammation 
during acute influenza virus infection by producing IL-10, Nat. Med. 15, 277–284 (2009). 

17. M. Ejrnaes, M. G. von Herrath, Cure of chronic viral infection by neutralizing antibody 
treatment, Autoimmun Rev 6, 267–271 (2007). 

18. D. G. Brooks et al., Interleukin-10 determines viral clearance or persistence in vivo, Nat. 
Med. 12, 1301–1309 (2006). 

19. M. G. Roncarolo et al., Interleukin-10-secreting type 1 regulatory T cells in rodents and 
humans, Immunol. Rev. 212, 28–50 (2006). 

20. C. L. Maynard et al., Contrasting roles for all-trans retinoic acid in TGF-beta-mediated 
induction of Foxp3 and Il10 genes in developing regulatory T cells, Journal of Experimental 
Medicine 206, 343–357 (2009). 

21. K. J. Maloy, F. Powrie, Regulatory T cells in the control of immune pathology, Nat. 
Immunol. 2, 816–822 (2001). 

22. W. Ouyang, S. Rutz, N. K. Crellin, P. A. Valdez, S. G. Hymowitz, Regulation and functions 
of the IL-10 family of cytokines in inflammation and disease, Annu. Rev. Immunol. 29, 71–109 
(2011). 

23. P. J. Murray, L. Wang, C. Onufryk, R. I. Tepper, R. A. Young, T cell-derived IL-10 
antagonizes macrophage function in mycobacterial infection, J. Immunol. 158, 315–321 (1997). 

24. K. Takeda et al., Enhanced Th1 activity and development of chronic enterocolitis in mice 
devoid of Stat3 in macrophages and neutrophils, Immunity 10, 39–49 (1999). 

25. M. Jung et al., Expression profiling of IL-10-regulated genes in human monocytes and 
peripheral blood mononuclear cells from psoriatic patients during IL-10 therapy, Eur. J. 
Immunol. 34, 481–493 (2004). 

26. A. P. Hutchins, S. Poulain, D. Miranda-Saavedra, Genome-wide analysis of STAT3 binding 
in vivo predicts effectors of the anti-inflammatory response in macrophages, Blood 119, e110–9 
(2012). 

27. F. J. Barrat et al., In vitro generation of interleukin 10-producing regulatory CD4(+) T cells 
is induced by immunosuppressive drugs and inhibited by T helper type 1 (Th1)- and Th2-
inducing cytokines, J. Exp. Med. 195, 603–616 (2002). 

28. K. W. Moore et al., Homology of cytokine synthesis inhibitory factor (IL-10) to the Epstein-
Barr virus gene BCRFI, Science 248, 1230–1234 (1990). 



 16	  

29. P. Vieira et al., Isolation and expression of human cytokine synthesis inhibitory factor cDNA 
clones: homology to Epstein-Barr virus open reading frame BCRFI, Proc. Natl. Acad. Sci. U.S.A. 
88, 1172–1176 (1991). 

30. S. S. Iyer, G. Cheng, Role of interleukin 10 transcriptional regulation in inflammation and 
autoimmune disease, Crit. Rev. Immunol. 32, 23–63 (2012). 

31. K. Asadullah et al., IL-10 is a key cytokine in psoriasis. Proof of principle by IL-10 therapy: 
a new therapeutic approach, J. Clin. Invest. 101, 783–794 (1998). 

32. J. Leng, E. Y. Denkers, Toxoplasma gondii inhibits covalent modification of histone H3 at 
the IL-10 promoter in infected macrophages, PLoS ONE 4, e7589 (2009). 

33. C. Othieno et al., Interaction of Mycobacterium tuberculosis-induced transforming growth 
factor beta1 and interleukin-10, Infection and Immunity 67, 5730–5735 (1999). 

34. C. A. Hunter et al., IL-10 is required to prevent immune hyperactivity during infection with 
Trypanosoma cruzi, J. Immunol. 158, 3311–3316 (1997). 

35. T. M. Scharton-Kersten et al., In the absence of endogenous IFN-gamma, mice develop 
unimpaired IL-12 responses to Toxoplasma gondii while failing to control acute infection, J. 
Immunol. 157, 4045–4054 (1996). 

36. S. G. Reed et al., IL-10 mediates susceptibility to Trypanosoma cruzi infection, J. Immunol. 
153, 3135–3140 (1994). 

37. S. Roque, C. Nobrega, R. Appelberg, M. Correia-Neves, IL-10 underlies distinct 
susceptibility of BALB/c and C57BL/6 mice to Mycobacterium avium infection and influences 
efficacy of antibiotic therapy, J. Immunol. 178, 8028–8035 (2007). 

38. F. Ameglio et al., Serum IL-10 levels in HIV-positive subjects: correlation with CDC stages, 
J. Biol. Regul. Homeost. Agents 8, 48–52 (1994). 

39. M. Clerici et al., Role of interleukin-10 in T helper cell dysfunction in asymptomatic 
individuals infected with the human immunodeficiency virus, J. Clin. Invest. 93, 768–775 
(1994). 

40. M. S. Orandle, K. C. Williams, A. G. MacLean, S. V. Westmoreland, A. A. Lackner, 
Macaques with rapid disease progression and simian immunodeficiency virus encephalitis have a 
unique cytokine profile in peripheral lymphoid tissues, J. Virol. 75, 4448–4452 (2001). 

41. S. Swaminathan, Molecular biology of Epstein-Barr virus and Kaposi's sarcoma-associated 
herpesvirus, Semin. Hematol. 40, 107–115 (2003). 

42. A. Granelli-Piperno, A. Golebiowska, C. Trumpfheller, F. P. Siegal, R. M. Steinman, HIV-1-
infected monocyte-derived dendritic cells do not undergo maturation but can elicit IL-10 
production and T cell regulation, Proc. Natl. Acad. Sci. U.S.A. 101, 7669–7674 (2004). 



 17	  

43. T. K. Oleksyk et al., Single nucleotide polymorphisms and haplotypes in the IL10 region 
associated with HCV clearance, Genes Immun. 6, 347–357 (2005). 

44. J. W. Peacock, K. L. Bost, Murine gammaherpesvirus-68-induced interleukin-10 increases 
viral burden, but limits virus-induced splenomegaly and leukocytosis, Immunology 104, 109–117 
(2001). 

45. A. Boonstra et al., Macrophages and myeloid dendritic cells, but not plasmacytoid dendritic 
cells, produce IL-10 in response to MyD88- and TRIF-dependent TLR signals, and TLR-
independent signals, J. Immunol. 177, 7551–7558 (2006). 

46. B. Guo, E. Y. Chang, G. Cheng, The type I IFN induction pathway constrains Th17-mediated 
autoimmune inflammation in mice, J. Clin. Invest. 118, 1680–1690 (2008). 

47. O. Akbari, R. H. DeKruyff, D. T. Umetsu, Pulmonary dendritic cells producing IL-10 
mediate tolerance induced by respiratory exposure to antigen, Nat. Immunol. 2, 725–731 (2001). 

48. Y. Yanagawa, K. Onoé, Enhanced IL-10 production by TLR4- and TLR2-primed dendritic 
cells upon TLR restimulation, J. Immunol. 178, 6173–6180 (2007). 

49. S. Doyle et al., IRF3 mediates a TLR3/TLR4-specific antiviral gene program, Immunity 17, 
251–263 (2002). 

50. S. E. Doyle et al., Toll-like receptors induce a phagocytic gene program through p38, J. Exp. 
Med. 199, 81–90 (2004). 

51. J. Lee, D. Rachmilewitz, E. Raz, Homeostatic effects of TLR9 signaling in experimental 
colitis, Ann. N. Y. Acad. Sci. 1072, 351–355 (2006). 

52. A. Yarilina, K.-H. Park-Min, T. Antoniv, X. Hu, L. B. Ivashkiv, TNF activates an IRF1-
dependent autocrine loop leading to sustained expression of chemokines and STAT1-dependent 
type I interferon-response genes, Immunobiology 9, 378–387 (2008). 

53. M. Prinz et al., Distinct and nonredundant in vivo functions of IFNAR on myeloid cells limit 
autoimmunity in the central nervous system, Immunity 28, 675–686 (2008). 

54. J. H. Noseworthy, C. Lucchinetti, M. Rodriguez, B. G. Weinshenker, Multiple sclerosis, N. 
Engl. J. Med. 343, 938–952 (2000). 

55. G. Comi, Shifting the paradigm toward earlier treatment of multiple sclerosis with interferon 
beta, Clin Ther 31, 1142–1157 (2009). 

56. A. A. Byrnes et al., Type I interferons and IL-12: convergence and cross-regulation among 
mediators of cellular immunity, Eur. J. Immunol. 31, 2026–2034 (2001). 

57. N. Dikopoulos et al., Type I IFN negatively regulates CD8+ T cell responses through IL-10-
producing CD4+ T regulatory 1 cells, J. Immunol. 174, 99–109 (2005). 



 18	  

58. S.-Y. Liu, D. J. Sanchez, G. Cheng, New developments in the induction and antiviral 
effectors of type I interferon, Curr. Opin. Immunol. 23, 57–64 (2011). 

59. S.-Y. Liu, D. J. Sanchez, R. Aliyari, S. Lu, G. Cheng, Systematic identification of type I and 
type II interferon-induced antiviral factors, Proceedings of the National Academy of Sciences 
109, 4239–4244 (2012). 

60. J. W. Schoggins, C. M. Rice, Interferon-stimulated genes and their antiviral effector 
functions, Curr Opin Virol 1, 519–525 (2011). 

61. A. K. PERRY, G. CHEN, D. ZHENG, H. TANG, G. Cheng, The host type I interferon 
response to viral and bacterial infections, Nature 15, 407–422 (2005). 

62. K. M. Monroe, S. M. McWhirter, R. E. Vance, Induction of type I interferons by bacteria, 
Cellular Microbiology 12, 881–890 (2010). 

63. V. Auerbuch, Mice Lacking the Type I Interferon Receptor Are Resistant to Listeria 
monocytogenes, Journal of Experimental Medicine 200, 527–533 (2004). 

64. J. A. Carrero, B. Calderon, E. R. Unanue, Type I interferon sensitizes lymphocytes to 
apoptosis and reduces resistance to Listeria infection, J. Exp. Med. 200, 535–540 (2004). 

65. R. M. O'Connell, Type I Interferon Production Enhances Susceptibility to Listeria 
monocytogenes Infection, Journal of Experimental Medicine 200, 437–445 (2004). 

66. S. Stockinger, T. Decker, Novel functions of type I interferons revealed by infection studies 
with Listeria monocytogenes, Immunobiology 213, 889–897 (2008). 

67. A. Shahangian et al., Type I IFNs mediate development of postinfluenza bacterial pneumonia 
in mice, J. Clin. Invest. 119, 1910–1920 (2009). 

68. K. Al Moussawi et al., Type I Interferon Induction Is Detrimental during Infection with the 
Whipple's Disease Bacterium, Tropheryma whipplei, PLoS Pathog 6, e1000722 (2010). 

69. M. Karaghiosoff et al., Central role for type I interferons and Tyk2 in lipopolysaccharide-
induced endotoxin shock, Nat. Immunol. 4, 471–477 (2003). 

70. L. Escoubet-Lozach et al., Mechanisms establishing TLR4-responsive activation states of 
inflammatory response genes, PLoS Genet. 7, e1002401 (2011). 

71. I. Amit et al., Unbiased reconstruction of a mammalian transcriptional network mediating 
pathogen responses, Science 326, 257–263 (2009). 

72. D. M. Bhatt et al., Transcript dynamics of proinflammatory genes revealed by sequence 
analysis of subcellular RNA fractions, Cell 150, 279–290 (2012). 

73. S. Ghisletti et al., Identification and characterization of enhancers controlling the 
inflammatory gene expression program in macrophages, Immunity 32, 317–328 (2010). 



 19	  

74. G. D. Barish et al., Bcl-6 and NF-kappaB cistromes mediate opposing regulation of the 
innate immune response, Genes Dev. 24, 2760–2765 (2010). 

76. H. Ford, R. Nicholas. Multiple Sclerosis, Clin Evid. 14, 1637-1651 (2005). 

77. S.S. Paul et al. Type I interferon response in the central nervous system. Biochimie. 89, 770-
778. (2007). 

  



 20	  

CHAPTER 2 
 
 
 
 
 
 
 
 
 
 
 
 
 

Lipopolysaccharide-mediated Interleukin 10 transcriptional regulation requires sequential 
induction of type I IFNs and Interleukin 27 in macrophages 
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Lipopolysaccharide-Mediated IL-10 Transcriptional
Regulation Requires Sequential Induction of Type I IFNs
and IL-27 in Macrophages

Shankar Subramanian Iyer,* Amir Ali Ghaffari,† and Genhong Cheng†,‡

IL-10 is a potent anti-inflammatory molecule that regulates excessive production of inflammatory cytokines during an infection or
tissue damage. Dysregulation of IL-10 is associated with a number of autoimmune diseases, and so, understanding the mechanisms
by which IL-10 gene expression is regulated remains an important area of study. Macrophages represent a major source of IL-10,
which is generated in response to TLR signaling as a feedback mechanism to curtail inflammatory response. In this study, we
identify a signaling pathway in murine bone marrow-derived macrophages in which activation of TLR4 by LPS induces the
expression of IL-10 through the sequential induction of type I IFNs followed by induction and signaling through IL-27. We
demonstrate that IL-27 signaling is required for robust IL-10 induction by LPS and type I IFNs. IL-27 leads directly to tran-
scription of IL-10 through the activation of two required transcription factors, STAT1 and STAT3, which are recruited to the IL-
10 promoter. Finally, through systematic functional promoter-reporter analysis, we identify three cis elements within the proximal
IL-10 promoter that play an important role in regulating transcription of IL-10 in response to IL-27. The Journal of Immu-
nology, 2010, 185: 6599–6607.

I nnate immune cells respond to bacterial or viral infection by
the rapid activation of proinflammatory cytokines that serve
to initiate host defense against microbial invasion. However,

excess proinflammatory cytokines give rise to systemic metabolic
and hemodynamic disturbances that are harmful to the host. To
avert these deleterious effects, IL-10 is produced by macrophages
as a negative-feedback mechanism to dampen uncontrolled pro-
duction of inflammatory cytokines and excessive inflammation
during infection. IL-10 is a potent anti-inflammatory cytokine with
a broad effect on both innate and adaptive immune systems.
Induction of innate immunity is mediated by diverse families

of pattern recognition receptors that recognize microbial compo-
nents termed pathogen-associated molecular patterns, which can be
viewed as a molecular signature of the invading pathogens. TLRs
are a major family of pattern recognition receptors that are mainly
expressed by cells of the innate immune system (1, 2). TLRs can
initiate distinct innate immune responses through recruitment of
different MyD88 adaptor family members, primarily MyD88 and
Toll/IL-1R domain-containing adaptor inducing IFN-b (TRIF) (3,
4). Currently, 11 TLRs have been cloned in mammals, and each
receptor is involved in the recognition of a unique set of pathogen-
associated molecular patterns (e.g., TLR4 recognizes LPS) (2, 5,
6). Although it is well established that IL-10 is induced in innate

immune cells in response to TLR agonists like LPS, the molecular
events responsible for upregulation of IL-10 remain to be eluci-
dated. In addition, because LPS induction of IL-10 requires sig-
naling through both feed-forward and feedback loops that may
mitigate aspects of IL-10 regulation, it is difficult to identify tran-
scription factors and cis elements within the IL-10 promoter.
We and others have identified two major signaling pathways

mediated by TLR4 activation: the MyD88-dependent activation of
NF-kB that results in the induction of inflammatory genes, such
as TNF, IL-6, and IL-1b, and TRIF-dependent pathways involv-
ing the induction of type I IFNs and, subsequently, secondary-
response genes induced by IFN-b in an autocrine/paracrine man-
ner. The TRIF adaptor molecule has been shown to be indispensable
for TLR4-mediated IL-10 activation (4, 7–10).
Classically, type I IFNs (IFN-b/a) bind to a cognate hetero-

dimeric IFNR (IFN-aR) to activate the Jak–STAT pathway lead-
ing to expression of antiviral genes. In addition to their antiviral
functions, type I IFNs are capable of exerting immunomodulatory
effects on both innate and adaptive immune cells, in large part by
inducing expression of IL-10 (11–14). Previously, we have dem-
onstrated that type I IFN signaling is required for TLR-mediated
induction of IL-10 (11, 15). In addition, we have demonstrated
that type I IFNs are required for TLR-mediated induction of an-
other anti-inflammatory cytokine, IL-27, in a dose-dependent
manner (15).
IL-27 functions as a heterodimer composed of p28 and EBV-

induced gene 3 (Ebi3), which have homologies to IL-12p35 and
p40, respectively. The IL-27R complex consists of the unique
subunit IL-27R (also referred to as TCCR and WSX-1) and the
gp130 chain of IL-6R, which then activate transcription factors
STAT1 and STAT3 via Jak-mediated phosphorylation (16, 17).
IL-27 is produced by innate immune cells and has potent immune-
suppressive effects on T cell immunity, including the inhibition
of Th17 and Th1 differentiation, as well as in several infection
models (15, 18–22). In addition, IL-27R–deficient mice develop
excessive tissue inflammation in the context of infection or in
autoimmune conditions (18, 23, 24). Importantly, although the
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underlying molecular mechanisms of IL-27–mediated immune
suppression are not well understood, a number of studies have
highlighted the importance of IL-27–mediated production of IL-
10 to promote an anti-inflammatory state in lymphocytes (16, 25,
26). To date, the role of IL-27 in the regulation of IL-10 in macro-
phages is less understood.
In this study, we reveal a pathway in which LPS stimulation

leads to induction of IL-10 in bone marrow-derived macrophages
(BMDMs) through the sequential progression of type I IFN in-
duction followed by IL-27 activation in an autocrine/paracrine
manner. Importantly, induction of IL-10 by IL-27 in BMDMs is
direct, allowing us to identify three cis regulatory elements through
functional characterization of the murine IL-10 promoter. IL-27–
mediated IL-10 expression is STAT3 and STAT1 dependent, and
we demonstrate that both transcription factors are mobilized to the
IL-10 promoter in vivo upon stimulation with LPS, type I IFNs,
and IL-27.

Materials and Methods
Plasmids

A !2-kb fragment of the IL-10 promoter (21954/+64) was amplified by
PCR from mouse genomic DNA and subsequently cloned into the XhoI
and HindIII sites of the pGL4.20 polylinker (Promega, Madison, WI).
Promoter deletion mutants were amplified from the 21954/+64 promoter
clone by PCR using an upstream primer containing an XhoI restriction site
and a downstream primer containing a HindIII site. The PCR products
were then inserted into the luciferase reporter vector pGL4.20. Substitution
mutants were generated via a two-step PCR procedure using overlapping
internal primers that contain a mutant sequence. All plasmids used in
transient transfection assays were purified using an endotoxin-free purifi-
cation system (Invitrogen Purelink, Invitrogen, Carlsbad, CA). Substitution
mutants are presented in Fig. 5A.

BMDM preparation and mice

Wild-type and IL-27R knockout (TCCR/WSX12/2), STAT12/2 mice were
on a C57BL/6 background (The Jackson Laboratory, Bar Harbor, ME).
IFN-a Ro/o 129/Sv (IFNAR2/2) mice were from B&K Universal (Ald-
brough, U.K.) and were backcrossed with C57BL/6 for six generations.
Bones for macrophage-specific STAT32/2 (STAT3flox/floxLysCre+/2) and
STAT3+/+ (STAT3flox/floxLysMCre2/2) were kindly provided by Dr. Bin
Gao (National Institute of Alcohol Abuse and Alcoholism, Bethesda, MD)
and generated as previously described (27). All mice were maintained and
bred at the University of California, Los Angeles, Department of Labo-
ratory Animal Medicine mouse facility (Los Angeles, CA) under specific
pathogen-free conditions.

Murine BMDMs were generated by flushing bone marrow cells from the
femurs and tibias of mice. These cells were cultured for 7 d in DMEM (Life
Technologies, Rockville, MD) containing 10% FBS (Omega Scientigfic,
Tarzana, CA), 1% penicillin/streptomycin (Life Technologies), and 10%
conditioned media (CM) from L929 cells overexpressing M-CSF. CM was
replaced on day 4 of differentiation and every 2 d thereafter. BMDMs were
serum starved in DMEM, 1% FBS, and 1% penicillin/streptomycin over-
night prior to cytokine stimulation.

Real-time quantitative PCR and ELISA

Post-stimulation, BMDMs were harvested in PBS and lysed in 500 ml
TRIzol reagent (Invitrogen). RNA was isolated via chloroform extraction.
cDNAwas synthesized from 1 mg RNA per sample by reverse transcription
using Iscript (Bio-Rad, Hercules, CA) and an oligo(dT) primer. The fol-
lowing primers were used: IL-10 forward: 59-CGTCGGATCCGCCATG-
CCTGGCTCACCACTGCT-39 and reverse: 59-CGTCTCTAGATTAGCTT-
TTCATTTTGATCA-39; IL-27p28 forward: 59-CTCTGCTTCCTCGCTA-
CCAC-39 and reverse: 59-GGGGCAGCTTCTTTTCTTCT-39; EBI3 for-
ward: 59-TGAAACAGCTCTCGTGGCTCTA-39 and reverse: 59-GCCAC-
GGGATACCGAGAA-39; IFN-b forward: 59-AGCTCCAAGAAAGGAC-
GAACAT-39 and reverse: 59-GCCCTGTAGGTGAGGTTGATCT-39; IFN-
a4 forward: 59-CCTGTGTGATGCAGGAACC-39 and reverse: 59-TCAC-
CTCCCAGGCACAGA-39; and L32 forward: 59-AAGCGAAACTGGCG-
GAAAC-39 and reverse: 59-TAACCGATGTTGGGCATCAG-39.

Quantitative PCR (qPCR) was conducted using 95˚C (5 min) to denature
DNA strands followed by 95˚C (30 s), 55˚C (30 s), and 72˚C (45 s) for 40

cycles followed by a 72˚C 5-min extension. Analyses were done using the
iCycler thermocycler (Bio-Rad). Relative transcript levels were normal-
ized to L32 expression.

Murine IL-10 protein was measured from 0.5 3 106 BMDM cells
cultured in a six-well plate in serum-starved conditions prior to cytokine
treatment for indicated times (Fig. 1A, 1B). A total of 100 ml was then
assayed using a murine IL-10 ELISA kit (BD Biosciences, San Jose, CA)
according to the manufacturer’s instructions.

Cell lines, reagents, and transfection

The RAW264.7 murine macrophage cell line (American Type Culture
Collection, Manassas, VA) was maintained in DMEM supplemented with
5% FBS and 1% penicillin/streptomycin (complete DMEM). LPS
(Escherichia coli, strain O55:B5, Sigma-Aldrich, St. Louis, MO), murine
rIFN-a4 (catalog number 12110-9, PBL InterferonSource, Piscataway,
NJ), and rIL-27 (catalog number 1799-ML, R&D Systems, Minneapolis,
MN) were used at the concentrations described in the figures. Murine
rIFN-a4 and rIL-27 were both tested for endotoxin to ,1 endotoxin unit/
mg levels using the Limulus amebocyte lysate method. In the cyclohexi-
mide (CHX) experiments, BMDMs were pretreated with CHX (2 mg/ml)
or ethanol for 15 min before cytokine stimulation.

RAW264.7 cells were transiently transfected using the FuGeneHD
(Roche Diagnostic Systems, Somerville, NJ) reagent. Briefly, 2.5 3 106

cells were plated in a six-well plate. The following day, the cells were
washed with PBS and transfected with 2.5 mg IL-10 promoter or empty
firefly luciferase reporter plasmid and 100 ng Renilla luciferase reporter.
DNA in serum-free DMEM (100 ml) were incubated at room temperature
with FuGeneHD reagent at a 1:2 ratio of DNA to FuGeneHD for 15 min.
Transfectant mixture was then added to each well drop-wise and incubated
at 37˚C for 4 h. Cells were washed with PBS and split into two wells in
2 ml complete DMEM. The cells in one of the two wells were stimulated
with LPS (1 mg/ml), rIFN-a4 (1000 U/ml), or rIL-27 (80 ng/ml) 6 h
posttransfection and incubated for 24 h. Luciferase activity was assayed
using the Dual-Luciferase Reporter Assay kit (Promega) according to the
manufacturer’s instructions. Luciferase activity was determined using 50
ml (of 200 ml total). Promoter activity is presented normalized to Renilla
luciferase activity to control for transfection efficiency.

Immunoblot/chromatin immunoprecipitation

ForWestern blot analyses, cells were lysed in 50mMTris (pH 7.5), 140 mM
NaCl, 1% Igepal CA-630, 0.25% sodium deoxycholate, 1 mM EGTA, and 5
mM NaF. Protein was quantified using a BCA kit (Thermo Scientific,
Waltham, MA) according to the manufacturer’s instructions. Proteins were
denatured and separated on 10% SDS-PAGE, transferred to nitrocellulose
membranes, and immunoblotted in 5% BSA or milk using standard meth-
ods. The following Abs were used at 1:1000 concentrations: anti-Sp1, anti-
STAT1, anti-STAT2, and anti-STAT3 (Santa Cruz Biotechnology, Santa
Cruz, CA), anti–phospho-STAT1 (Y701), anti–phospho-STAT3 (Y705)
(Cell Signaling Technology, Beverly, MA), and c-Maf (Santa Cruz Bio-
technology).

Chromatin immunoprecipitation (ChIP) was performed by cross-linking
stimulated cells with formaldehyde (1% final concentration). Cells were
lysed in cell lysis buffer (5 mM PIPES [pH 8], 85 mM KCl, 0.5% Nonidet
P-40) on ice (5 min). Nuclei were lysed in nuclei lysis buffer (50 mM Tris-
HCl [pH 8.1], 10 mM EDTA, and 1% SDS supplemented with protease
inhibitors [Roche Diagnostic Systems]). Sonication was performed using
a Diagenode Biorupter (Diagenode, Denville, NJ) for 8 min (30 s on/off)
twice to generate sheared fragments of !500 bp. A total of 100 mg chro-
matin was diluted to 300 ml in dilution buffer (16.7 mM Tris-HCl [pH 8.1],
167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, and 1.1% Triton X-100 sup-
plemented with protease inhibitors) and incubated with 5–10 ml anti–
phospho-STAT1 (Cell Signaling Technology), anti–phospho-STAT3 (Cell
Signaling Technology), STAT2 (Santa Cruz Biotechnology), c-Maf (Santa
Cruz Biotechnology), or IgG1 (Santa Cruz Biotechnology) overnight at
4˚C in the presence of 100 ng/ml sheared salmon sperm (Invitrogen). Im-
munocomplexes were recovered with 40 ml Protein A agarose/salmon
sperm DNA beads (Upstate Biotechnology, Lake Placid, NY) at 4˚C for
1 h. Five percent of input was collected for Ab normalization. Beads were
washed twice in high-salt wash buffer (50 mM HEPES [pH 7.9], 0.5 M
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, and 0.1% deoxycholate)
and twice with TE buffer for 10 min room temperature. Beads were
resuspended in 300 ml elution buffer (50 mM Tris-HCl [pH 8], 10 mM
EDTA, and 1% SDS) supplemented with 20 mg proteinase K (Invitrogen)
for 2 h at 55˚C. DNAwas reverse cross-linked at 65˚C overnight. DNAwas
PCR purified (Invitrogen Purelink, Invitrogen), and immunoprecipitated
DNA fragments were quantified via qPCR using the following primers:
IL-10 proximal promoter forward: 59- GGACCAAGAACAGGAGGT-39
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and reverse: 59-ACTAAAAGTTGTATTTCC-39, which amplifies 225 bp
from 2228 to 24 relative to the transcription start site; and IL-10 distal
promoter forward: 59-CCCCTTCCCTGTGCTTG-39 and reverse: 59-GAG-
AGGGTTACCACACCAGGG-39, which amplifies 221 bp from 21353 to
21130 relative to the transcription start site.

Results
LPS, type I IFN, and IL-27 signaling induce IL-10 expression
in BMDMs

Previously, we had demonstrated LPS mediated induction of IL-
10 through a TRIF-dependent mechanism that involves the pro-
duction and signaling of type I IFNs (11, 28–30). In light of a role
of IL-27 as an anti-inflammatory agent and a potent inducer of
IL-10, we asked whether IL-27 signaling was involved in LPS-
mediated IL-10 induction. To address this question, we stimulated
wild-type, IFN-aR–deficient, and IL-27R–deficient BMDMs with
LPS and assessed IL-10 protein production over time via ELISA.
As expected, LPS-mediated production of IL-10 was deficient in
BMDMs lacking IFN-aR (Fig. 1A). Surprisingly, IL-27R–deficient
BMDMs also exhibited significant defects in IL-10 production in
response to LPS (Fig. 1A). We then confirmed IL-10 protein pro-
duction in BMDMs in response to LPS, IFN-a, and IL-27 (Fig.
1B). To assess IL-10 expression at the transcriptional level, rela-
tive IL-10 mRNA production was assessed after 4 h of stimulation
with LPS, IFN-a, and IL-27 by qPCR. Data are presented nor-
malized to L32 mRNA levels (Fig. 1C). Importantly, relative to
induction of proinflammatory cytokines like IL-12p40 and IL-6,
IL-10 transcription in response to LPS appeared delayed, with
detectable transcripts first appearing after 2 h of stimulation.
In contrast, both IFN-a and IL-27 displayed faster kinetics of
IL-10 transcription, with both able to generate detectable tran-
scripts within 1 h of stimulation, even at low-dose concentration
(data not shown).

IL-27 signaling occurs downstream of TLR4 and type I IFNs in
LPS-mediated IL-10 gene expression

Previously, we showed that LPS-mediated IL-10 induction was
type I IFN dependent (11). To confirm these results, we stimulated
wild-type BMDMs with LPS for 2 h and then transferred the
conditioned media (LPS-CM) from unstimulated and stimulated
BMDMs to previously unstimulated wild-type and IFN-aR–de-
ficient BMDMs for 3 h and monitored relative IL-10 induction by
qPCR. Presumably, the LPS-CM at 2 h CM contains physiologi-
cally detectable levels of type I IFN protein, but not IL-27 protein,
although this was not explicitly tested. As expected, LPS-CM was
able to stimulate robust IL-10 transcript production in wild-
type, whereas IL-10 induction in IFN-aR–deficient BMDMs was
significantly abrogated (Fig. 2A, left panel). We chose the 2 h time
point based on the relative kinetics of IFN-b versus IL-27p28
transcript expression (Fig. 3A). Detectable levels of IFN-b appear
1 h post LPS treatment and peak at !3 h. In contrast, induction of
IL-27p28 appears delayed relative to IFN-b, with robust mRNA
detection occurring 3 h post LPS treatment and peaking at !6 h.
We then performed an analogous experiment by stimulating

wild-type BMDMs with IFN-a or IL-27 and then transferring the
CM (IFN-a–CM, IL-27–CM) to previously unstimulated wild-
type or IFN-aR–deficient BMDMs for 3 h and assessed IL-10
expression by qPCR. In contrast to the results from LPS-CM
stimulation, both wild-type and IFN-aR–deficient BMDMs were
able to generate similar levels of IL-10 induction in response to
either IFN-a–CM or IL-27–CM (Fig. 2A, middle and right panels,
respectively). We confirmed these results by stimulating wild-type
and IFN-aR–deficient BMDMs directly with LPS, rIFN-a, and
rIL-27. LPS induction of IL-10 in IFN-aR–deficient BMDMs was

significantly abrogated compared with wild-type (Fig. 2C, left
panel). IFN-a was unable to induce IL-10 in IFN-aR–deficient
BMDMs due to lack of its receptor (Fig. 2C, middle panel).
However, IL-10 was similarly induced in wild-type and IFN-aR–
deficient BMDMs by rIL-27 stimulation (Fig. 2C, right panel).
These data suggest that IL-27 can induce IL-10 expression in-
dependent of type I IFN signaling, whereas LPS and IFN-a cannot.
Next, we assessed the requirements for IL-27R signaling on LPS

and IFN-a–mediated IL-10 gene expression. In this study, we
treated previously unstimulated wild-type and IL-27R–deficient
BMDMs with LPS-CM and IFN-a–CM for 3 h and monitored
IL-10 expression by qPCR. Both LPS- and IFN-a–mediated in-
duction of IL-10 were significantly decreased in IL-27R–deficient
BMDMs compared with wild-type (Fig. 2B). We confirmed these
results by inducing wild-type and IL-27R–deficient BMDMs with
LPS, rIFN-a, and rIL-27 directly. Again, LPS and IFN-a were
able to robustly induce IL-10 in IL-27R null BMDMs compared
with wild-type (Fig. 2D, left and middle panels). IL-27 was unable

FIGURE 1. Induction of IL-10 protein and mRNA in BMDMs. A, Total
of 0.5 3 106 WT, IFN-aR KO, and IL-27R KO BMDMs were stimulated
with LPS (50 ng/ml), and supernatant was collected at the indicated time
points. IL-10 protein production was quantified via ELISA. B, Total of
0.5 3 106 BMDMs were unstimulated or stimulated with LPS (50 ng/ml),
IFN-a (250 U/ml), or IL-27 (10 ng/ml), supernatant was collected, and IL-
10 protein production was quantified via ELISA. C, Total of 0.5 3 106

BMDMs were unstimulated or stimulated with LPS (50 ng/ml), IFN-a
(250U/ml), or IL-27 (10 ng/ml) for 4 h, RNA was harvested, and relative
IL-10 transcript was detected via qPCR normalized to L32.
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to induce IL-10 expression in the IL-27R–deficient cells due to the

absence of its cognate receptor (Fig. 2D, right panel). These data

suggest that IL-27 signaling occurs downstream of TLR4 and type

I IFN in the induction of IL-10 expression.

IL-27 induction of IL-10 is direct, whereas LPS- and
IFN-a–mediated IL-10 expression require de novo protein
synthesis

Our data suggest that both LPS and type I IFN induction of IL-10
occurs indirectly through subsequent signaling via IL-27. Pre-
viously, our laboratory and others have shown that LPS-mediated

induction of IL-10 requires de novo synthesis and signaling by
type I IFNs for robust induction of IL-10 transcripts (11). We next
wanted to assess whether induction of IL-10 by IL-27 was direct
or required subsequent de novo synthesis of a transcription factor
or signaling molecule. To ascertain this, we pretreated wild-type
BMDMs with CHX, a translation inhibitor, followed by stimulation
with LPS, rIFN-a, or rIL-27. Inhibition of protein synthesis led to
defects in LPS and IFN-a–mediated IL-10 induction (Fig. 2E, left
and middle panels). In contrast, IL-27–induced IL-10 expression
was unaffected by CHX treatment, suggesting that IL-27–mediated
IL-10 transcription is direct (Fig. 2E, right panel).

FIGURE 2. LPS-mediated induction of IL-10 is type I IFN and IL-27 signaling dependent. A, Total of 0.5 3 106 WT were unstimulated or stimulated
with LPS (50 ng/ml), rIFN-a (250 U/ml), or rIL-27 (10 ng/ml) for 2 h. CM were collected and transferred to 0.5 3 106 WT or IFN-aR2/2 previously
serum-starved (1% FBS) BMDMs in the absence of any stimulation. Cells were incubated with the indicated CM for 3 h, RNA was collected, and IL-10
transcript level was detected via qPCR normalized to L32. B, Total of 0.5 3 106 WT BMDMs were unstimulated or stimulated with LPS (50 ng/ml) or
IFN-a (250 U/ml) for 2 h. CM were collected and transferred with 0.5 3 106 WT or IL27R2/2 previously serum-starved BMDMs in the absence of any
stimulation. Cells were incubated with the indicated CM for 3 h, and IL-10 expression was assessed as in A. Data from supernatant transfers (A, B) represent
two independent experiments. C, Total of 0.5 3 106 WT or IFN-aR2/2 BMDMs were unstimulated or stimulated with LPS (50 ng/ml), IFN-a (250 U/ml),
or IL-27 (10 ng/ml) for 3 h. RNAwas collected, and IL-10 transcript level was detected via qPCR normalized to L32. D, WT or IL27R2/2 BMDMs were
unstimulated or stimulated with LPS (50 ng/ml), IFN-a (250 U/ml), or IL-27 (10 ng/ml) for 3 h. RNAwas collected, and IL-10 transcript level was detected
via qPCR normalized to L32. E, Total of 0.5 3 106 WT BMDMs were pretreated with DMSO or CHX (2 mg/ml) and then stimulated with LPS (50 ng/ml),
IFN-a (250 U/ml), or IL-27 (10 ng/ml) for 3 h. RNAwas collected, and IL-10 transcript level was detected via qPCR normalized to L32. Data from C and D
represent mean and SD from three independent experiments. Student t test was performed. pp , 1 3 1024.
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LPS signaling leads to induction of both type I IFNs and
IL-27p28 transcripts with induction of IL-27p28 displaying de-
layed kinetics of expression relative to IFN-b. Because both LPS-
and IFN-a–mediated induction of IL-10 require IL-27 signaling
and de novo protein synthesis, we propose that both LPS and IFN-
a induce expression of IL-27 and that subsequent IL-27 signaling
leads to robust IL-10 gene expression. To test this, we assessed
transcription of the IL-27p28 gene in WT and IFN-aR BMDMs
treated with LPS-CM for 3 h. Expression of IL-27p28 by LPS-CM
occurred in WT but not IFN-aR–deficient BMDMs (Fig. 3B).
Induction of the second subunit of IL-27, EBI3, was not robust,
and no significant differences between WT and IFN-aR KO were
observed (data not shown). We confirmed these results by stim-
ulating wild-type and IFN-aR–deficient BMDMs directly with
LPS and rIFN-a. LPS-mediated induction of both IL-27p28 and
EBI3 was type I IFN dependent (Fig. 3C). IFN-a was able to
induce both IL27p28 and EBI3 in wild-type but not IFN-aR–
deficient cells due to loss of its receptor. Interestingly, induction of
IL-27p28 by LPS was abrogated in the presence of CHX, whereas
IFN-a–mediated induction of IL-27p28 was not, suggesting that
type I IFNs can induce IL-27 gene expression directly, whereas
LPS requires de novo protein synthesis, presumably of type I IFNs
(data not shown).
LPS induction of type I IFNs, IFN-b or IFN-a, is mediated

primarily through the signaling by the TRIF adaptor molecule,
leading to recruitment of the enhanceosome to the IFN-b promoter,
resulting in gene induction (31, 32). Subsequent signaling of IFN-b
leads to formation of the ISGF3 complex, leading to induction of
multiple IFN-a genes as well as type I IFN-mediated antiviral gene
targets in the murine genome (33). We propose that LPS-mediated
induction of IL-27 requires de novo synthesis of type I IFNs and
that subsequent IFN signaling leads directly to robust expression

of the IL-27 heterodimeric subunits. To confirm that LPS-mediated
induction of type I IFNs is IL-27 independent, we stimulated wild-
type and IL-27R–deficient BMDMs and assessed expression of
IFN-b. As expected, LPS-mediated induction of type I IFNs is
independent of IL-27 signaling (Fig. 3D, left panel). Finally, both
LPS and IFN-a were able to induce expression of IL-27p28 even in
the absence of the IL-27R in BMDMs (Fig. 3D, middle and right
panels). Thus, induction of IL-27 by LPS requires an intermediary
step of type I IFN production. Taken together, we propose a sig-
naling pathway by which LPS induces IL-10 gene expression in
a two-step mechanism involving initial synthesis of type I IFNs
followed by induction of IL-27, which then directly stimulates
IL-10 production in an autocrine/paracrine manner.

Functional characterization of the IL-10 promoter reveals
three cis regulatory elements mediating IL-27–mediated gene
induction

Identifying functional elements within the IL-10 promoter has
proven to be exceedingly difficult due to the complexity of sig-
naling systems that induce IL-10 expression. Previous studies have
correlated binding of several transcription factors to the IL-10
promoter with LPS-mediated gene induction in macrophages, in-
cluding Sp1, Sp3, STAT1, STAT3, IFN regulatory factor (IRF) 1,
AP-1, Maf, and NF-kB (34). However, to date, only a single Sp1
element upstream of the IL-10 core promoter appears to be es-
sential for IL-10 promoter activity in response to LPS (30, 35).
Our studies have revealed an autocrine/paracrine signaling loop by
which LPS induces IL-10 expression through the sequential gen-
eration and signaling of type I IFNs and IL-27, respectively. Im-
portantly, we have demonstrated that IL-27 can directly upregulate
transcription of IL-10. Thus, studying IL-10 promoter activity in
response to IL-27 eliminates some of the complexity of LPS

FIGURE 3. LPS induction of IL-10 requires se-
quential induction of type I IFNs and IL-27, re-
spectively. A, Total of 0.5 3 106 WT BMDMs were
were stimulated with LPS (50 ng/ml) for the in-
dicated time points. RNAwas collected, and IFN-b,
IFN-a4, and IL-27p28 transcript level was detected
via qPCR normalized to L32. B, Total of 0.5 3 106

WT were unstimulated or stimulated with LPS for
2 h. CM were collected and transferred to 0.53 106

WT or IFN-aR2/2 previously serum-starved (1%
FBS) BMDMs in the absence of any stimulation.
Cells were incubated with the indicated CM for 3 h,
RNA was collected, and IL-27p28 transcript level
was detected via qPCR normalized to L32. C, Total
of 0.5 3 106 WT or IFN-aR2/2 BMDMs were un-
stimulated or stimulated with LPS (50 ng/ml) or
IFN-a (250 U/ml) for 3 h. RNA was collected, and
IL-27p28 or EBI3 transcript level was detected via
qPCR normalized to L32. D, Total of 0.53 106 WT
or IL-27R2/2 BMDMs were unstimulated or stim-
ulated with LPS (50 ng/ml), IFN-a (250 U/ml), or
rIL-27 (10 ng/ml) for 3 h. RNA was collected, and
IFN-a and IL-27p28 transcript level was detected
via qPCR normalized to L32. Data represent mean
and SD from three independent experiments. Stu-
dent t test was performed. pp , 0.01.
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signaling that can mask functional redundancy in the regulation of
gene expression via multiple signaling pathways.
We cloned a fragment of the proximal IL-10 promoter extending

from nucleotide21954 to +64 relative to the +1 transcription start
site (35), inserted into a firefly luciferase reporter vector. We then
transiently transfected the promoter–reporter construct into the
macrophage cell line RAW 264.7 to assess promoter activity.
Importantly, RAW 264.7 cells exhibit similar gene profiles to
BMDMs in response to LPS (28, 29). Following transfection, cells
were stimulated with LPS, IFN-a, or IL-27 for 12 h. Each stim-
ulant was able to induce robust IL-10 promoter activity compared
with the empty luciferase vector. To make meaningful compar-
isons among LPS, IFN-a, and IL-27, we titrated each stimulatory
agent and chose activation concentrations that resulted in a similar
level of relative IL-10 promoter induction, normalized to renilla
luciferase activity to control for transfection efficiency (Fig. 4A).
To identify DNA sequences that are necessary for LPS-, IFN-a–,

or IL-27–induced promoter activity, a series of promoter mutants
that contain successive deletions from the 59 end were inserted
upstream of the luciferase reporter gene. Each mutant shared the
common +1 transcription start site. We then assessed the promoter
activity in response to LPS, IFN-a, and IL-27 and measured rel-
ative induction as a percentage of the full-length 21954/+64 full-
length IL-10 proximal promoter. Although some deletion con-
structs demonstrated slight defects in basal promoter activity, all
were able to be robustly induced by LPS. We identified two major
regions (indicated by arrows) located between 21232/21541 and
278/2118 that, when deleted, led to defects in LPS-mediated
promoter induction (Fig. 4B). IFN-a–mediated IL-10 promoter
activity required elements within the 2455/2595 and 278/2118
(Fig. 4C, indicated by arrows). Our analysis of IL-10 promoter
activity in response to IL-27 revealed three major cis elements
that appear to be important for promoter induction: 21232/21541,
2455/2595, and 278/2118 (Fig. 4D). Thus, although it appears
that LPS, IFN-a, and IL-27 exert differential effects on the
IL-10 promoter, they each share a common regulatory region lo-
cated between 278/2118 relative the transcription start site that
corresponds to a previously identified Sp1 binding site (30). In-
terestingly, there was an additional element located in a region
between 2118/2240 that may act as a negative regulatory ele-
ment in response to IL-27 due to an increase in promoter activity
when absent. With regards to this study, this putative negative
regulatory element was not studied further. In addition, LPS and
IL-27 share a common regulatory element located between
21232/21541, whereas IFN-a and IL-27 appear to require a func-
tional element located between 2455/2595. These data emphasize
that although LPS and IFN-a may induce IL-10 in distinct ways,
they potentially share common regulatory elements within the IL-27
pathway, which they both require for robust IL-10 gene expression.
To further characterize the regulatory elements identified in our

promoter-reporter analyses, we constructed 6-mer mutations across
the entirety of the three regulatory regions identified in our pro-
moter deletion analysis: 21232/21541, 2455/2595, and 278/
290 region as well as a neutral region,2745/2938, in the context
of our full-length proximal promoter (21954/+64) and assessed
their function in response to LPS, IFN-a, and IL-27 using the same
transfection/stimulation strategy described earlier. The sequences
of four representative promoter mutations are displayed in Fig. 5A.
None of the 6-mer mutant constructs displayed any significant
defects in basal IL-10 promoter activity. Only the278/290 region,
previously described as an Sp1 binding site, was universally re-
quired for IL-10 promoter activity in response to LPS, IFN-a, and
IL-27 (Fig. 5B–D). No other scanning 6-mer mutations exerted any
significant effects on LPS or IFN-a–mediated IL-10 induction in

the context of the21954/+64 promoter (Fig. 5B, 5C). However, we
identified two cis regulatory elements located at21324/21319 and
2510/2504 that led to significant defects in IL-27–mediated
promoter activity (Fig. 5D).

IL-27–mediated IL-10 gene induction is regulated by STAT1
and STAT3

Wenext sought to identify potential transcription factors thatmediate
LPS-, IFN-a–, and IL-27–dependent IL-10 gene induction. A scan
of the proximal IL-10 promoter using the program MatInspector to
search for putative transcription factor binding sites, revealed that
the 21324/21319 and 2510/2504 cis regulatory elements that
mediate IL-27–dependent IL-10 promoter activity correspond to a
putative STAT3 and a previously identified c-Maf binding motif (36,
37). IL-27 signaling through the heterodimeric receptor, IL-27R/
gp130, is known to activate several members of the STAT tran-
scription family, including STAT1, STAT2, STAT3, STAT4, and
STAT5. To assess activation of the STAT family of transcription
factors in macrophages, we stimulated BMDMs with LPS, IFN-a,
and IL-27 at the indicated time points and assessed phosphorylation
of STAT1, STAT2, STAT3, and STAT5 using specific phospho-

FIGURE 4. Identification of LPS, IFN-a, and IL-27 response elements
in IL-10 proximal promoter. A, RAW264.7 were transiently transfected
with 21954/+64 IL-10 promoter ligated to firefly luciferase reporter (2.5
mg) and were unstimulated or titrated with stimulated with LPS, IFN-a, or
IL-27. Stimulation with LPS (1 mg/ml), rIFN-a (1000 U/ml), or IL-27 (80
ng/ml) consistently gave equivalent firefly luciferase activities (normalized
to renilla luciferase activity). Empty pGL4.20 or IL-10 promoter 59 de-
letion mutants (as indicated) sharing +64 transcription start site were
transfected into RAW264.7 cells and left untreated or stimulated with LPS
(1 mg/ml) (B), rIFN-a (1000 U/ml) (C), or rIL-27 (80 ng/ml) (D). Lucif-
erase activity displayed as percent of full-length (21954/+64) IL-10 pro-
moter activity normalized to renilla luciferase activity representing two
independent experiments. Student t test was performed. Arrows indicate
p , 0.05.
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Tyr Abs. LPS, IFN-a, and IL-27 were able to activate STAT1 and
STAT3 phosphorylation (Fig. 6A), whereas LPS and IFN-a, but not
IL-27, were able to activate STAT2 phosphorylation (data not
shown). We also assessed induction of c-Maf by LPS, IFN-a, and
IL-27; however, c-Maf appears to be constitutively expressed in
BMDMs and not subject to regulation at the protein level at the time
points measured (37).
We next assessed the requirement for STAT1 and STAT3 in

IL-10 induction. We stimulated wild-type and STAT1-deficient
BMDMs with LPS, IFN-a, and IL-27 for 3 h and assessed IL-
10 induction by qPCR. IL-27–mediated induction of IL-10 had
an absolute requirement for STAT1, whereas IFN-a–mediated
IL-10 induction exhibited partial but significant defects (Fig.
6B). Although there was a partial decrease in IL-10 induction in
BMDMs deficient in STAT1 compared with wild-type in response
to LPS, the difference was not statistically significant. Next, we
stimulated wild-type and macrophage-specific STAT3-deficient
BMDMs with LPS, IFN-a, and IL-27 and assessed IL-10 in-
duction by qPCR. IL-27–mediated IL-10 induction was STAT3
dependent, whereas LPS and IFN-a displayed partial defects in
IL-10 induction (Fig. 6C). Thus, we conclude that IL-27 induction
of IL-10 expression requires STAT1 and STAT3.
Finally, we wanted to determine whether STAT1 and STAT3 are

recruited to the IL-10 promoter or function mainly as signaling
molecules. We expected that STAT1 and STAT3 could potentially
directly regulate IL-10 gene expression because de novo synthesis

of proteins is not required for IL-27–mediated IL-10 induction. We
performed ChIP in BMDMs stimulated with LPS, IFN-a, and
IL-27 using two sets of IL-10 promoter-specific promoters, one
pair spanning the transcription start site and one pair to amplify
the more distal regulatory region identified in our promoter ac-
tivity analyses (21324/21319 bp). We show that both STAT1 and
STAT3 are mobilized to the promoter in response to LPS, IFN-a,
and IL-27, suggesting that they may directly regulate IL-10 pro-
moter activity (Fig. 6D). C-Maf was recruited to the promoter by
LPS, IFN-a, and IL-27 as well. Sp1 was shown to be constitu-
tively bound at the IL-10 promoter with minimal enrichment
upon stimulation, consistent with previous studies (23). In con-
trast, STAT2 is not recruited to the IL-10 promoter under any of
the conditions tested, which is consistent with a nonessential role
in IL-27–mediated IL-10 induction.

Discussion
The innate immune system is the first line of defense against in-
fection. However, uncontrolled production of proinflammatory

FIGURE 6. LPS, IFN-a, and IL-27 induction of IL-10 is STAT1 and
STAT3 dependent. A, Total of 0.5 3 106 WT BMDMs were unstimulated
or stimulated with LPS (50 ng/ml), IFN-a (250 U/ml), or IL-27 (10 ng/ml)
for indicated time points. Cell lysate was collected and immune-blotted for
STAT1 and STAT3 expression and STAT1 and STAT3 phosphorylation
using specific Abs. B, Total of 0.53 106 WTand STAT12/2 BMDMs were
unstimulated or stimulated with LPS (50 ng/ml), IFN-a (250 U/ml), or IL-
27 (10 ng/ml) for 3 h. RNA was harvested, and relative IL-10 transcript
was detected via qPCR normalized to L32. Student t test was performed.
pp , 1 3 103. C, Total of 0.5 3 106 macrophage-specific STAT3+/+ and
STAT32/2 BMDMs were unstimulated or stimulated with LPS (50 ng/ml),
IFN-a (250 U/ml), or IL-27 (10 ng/ml) for 3 h. RNA was harvested, and
relative IL-10 transcript was detected via qPCR normalized to L32. Data
represent two independent experiments. pp , 0.05. D, ChIP using Abs
against STAT1, STAT2, STAT3, c-Maf, and Sp1 using primers specific to
the IL-10 promoter. Transcription factor enrichment presented as percent
of input representing two independent experiments. E, Model of LPS-
mediated induction of IL-10 gene expression involves sequential induction
and signaling type I IFN followed induction and signaling by IL-27 sig-
naling in macrophages.

FIGURE 5. Mapping of critical LPS, IFN-a, and IL-27 response elements
in IL-10 promoter by substitution mutant analysis. A, 6-nt mutants were con-
structed spanning across entirety of the regions 21541/21232 and 2595/2
455 within the context of the 21954/+64 IL-10 promoter reporter construct.
Constructs were transfected in RAW 264.7 cells and assessed for luciferase
activity as described in B. Sequences of representative wild-type or substitu-
tionmutants are indicated.B, Empty pGL4.20,21954/+64 IL10promoter, and
mutant IL-10 promoter constructs (21954/+64 backbone) were transfected
into RAW 264.7 cells and left unstimulated or stimulated with LPS (1mg/ml)
(B), rIFN-a (1000 U/ml) (C), and rIL-27 (80 ng/ml) (D). Luciferase activity is
displayed as percent of full-length wild-type (21954/+64) IL-10 promoter
activity normalized to renilla activity representing three independent experi-
ments. Student t test was performed. pp, 0.05.
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cytokines may initiate or exacerbate harmful inflammatory or
autoimmune responses. IL-10 signaling represents one important
source of such regulation. In macrophages, production of IL-10 is
generated through TLR activation as a means of providing such
a feedback response. In this study, we describe a signaling pathway
that couples LPS stimulation of macrophages to IL-10 expression
through the sequential generation and signaling of type I IFNs and
IL-27, respectively. Our studies using LPS, IFN-a, and IL-27 CM
to assess IL-10 expression suggest that the generation of signaling
through these downstream gene products in response to LPS prior
to IL-10 expression has physiological relevance in macrophage
function.
In the past, identifying important transcription factors that me-

diate LPS upregulation of IL-10 has been difficult. A number of
factors have been proposed to play a role in LPS-mediated IL-10
induction including IRFs, STATs, and NF-kB; however, to date,
only one factor, Sp1, has proven to be essential (30, 34). One
potential confounding element that may obscure the relative im-
portance of specific transcription factors or regulatory motifs in
mediating IL-10 induction by LPS is the multiple gene programs
and autocrine/paracrine signaling pathways induced by LPS
through TLR4. That is, although a specific transcription factor or
cis regulatory element may play an important role in LPS-
mediated IL-10 induction, its relative importance may be ob-
scured through downstream events that provide compensatory or
alternative means of gene activation. For example, we show that
STAT1 is mobilized to the IL-10 locus in response to LPS, but we
observe only partial and insignificant defects in IL-10 induction
in macrophages deficient in STAT1 compared with wild-type.
However, the role of STAT1 in IL-10 regulation is demonstrably
clearer as we study its function in signaling pathways downstream
of TLR4, like type I IFN and IL-27 (Fig. 6B). Because LPS-
induced IL-10 expression indirectly occurs through the genera-
tion of secondary and tertiary signaling modules, the identification
of important regulatory motifs may be obscured by these alter-
native or compensatory mechanisms.
In contrast, we demonstrate that IL-27–mediated IL-10 expres-

sion is direct in that it does not require the synthesis of a down-
stream signaling molecule or transcription factor prior to gen-
eration of IL-10 transcripts. Thus, we are more likely to identify
functional cis elements within the IL-10 promoter in response
to IL-27 unmitigated by additional downstream signaling events.
Through promoter-reporter assays, we identify three major IL-27
response elements located at positions21324/21319, 2510/2504,
and 290/278 relative to the transcription start site. The 290/
278 region is essential for LPS-, IFN-a–, and IL-27–mediated
IL-10 promoter activity and corresponds to a previously identified
Sp1 binding site (30). The 2510/2504 site corresponds to a pre-
viously described c-Maf site (37). The 21324/21319 and 2510/
2504 IL-27 responsive elements map larger promoter regions that
correlate with LPS and IFN-a functional elements, respectively,
from our promoter deletion studies, which is consistent with a
downstream requirement for IL-27 signaling for LPS- and IFN-a–
mediated IL-10 induction. Discrepancies between the relative roles
for each element in IL-10 gene regulation may be due to the acti-
vation of alternative signaling pathways by LPS and IFN-a (34).
For instance, it has been shown that maximal induction of IL-10 by
LPS requires both MyD88 and TRIF adaptor molecules, whereas
type I IFN production by LPS occurs solely through the TRIF
signaling pathway (34).
We demonstrate that LPS, IFN-a, and IL-27 all activate and

require both STAT1 and STAT3. Previous studies have suggested
a role for both STAT1 and STAT3 in regulating of IL-10; how-
ever, direct binding of either factor to cis elements within the

promoter have yet to be demonstrated (38). In this study, we show
that both STAT1 and STAT3 as well as c-Maf are mobilized to the
IL-10 promoter upon stimulation with LPS, IFN-a, and IL-27;
however, we have not been able to map this binding to a specific
region, though the 21319/21324 region corresponds to a putative
STAT3 site. Importantly, this site appears to be conserved from
human to mouse. In addition, the site is physically distinct from
a previously described IRF1/STAT3 composite site identified as
a functional regulatory element in IFN-a–mediated IL-10 in-
duction in human monocytes (38). Sp1 remains basally associated
with the IL-10 promoter and is not enriched upon stimulation. It is
possible that recruitment of STAT1 and STAT3 occurs only in the
context of chromatin, as the IL-10 locus undergoes extensive
epigenetic regulation (39–41).
In addition, it is important to note that whereas LPS, IFN-a,

and IL-27 all exhibit STAT1- and STAT3-dependent activation of
IL-10, the relative dependence on STAT1 and STAT3 differs
among the three stimuli. Specifically, IL-27–mediated IL-10 in-
duction exhibits an absolute requirement for STAT1 and STAT3
activity, whereas LPS and IFN-a display partial dependence on
STAT3 and STAT1, respectively (Fig. 6B, 6C). Discrepancies be-
tween the relative importance of subsets of transcription factors,
such as STAT1 and STAT3, as well as the relative use of cis ele-
ments within IL-10 promoter upon induction by LPS, IFN-a, and/
or IL-27 highlight both the significance of the IL-27 pathway in
LPS- and IFN-a–dependent IL-10 gene regulation, but also reveal
a level of discordance in that both LPS and IFN-a appear to use
alternative sets of signaling pathways and transcription factors to
achieve maximal transcriptional induction of IL-10 (Fig. 6E) (34).
IL-27 has been implicated in both pro- and anti-inflammatory

contexts. It is required for clearance of intracellular pathogens
but also plays a role in inhibition of Th1/Th17 differentiation and
confers a protective effect in the development of experimental
allergic encephelomyeletis (15, 19, 42, 43). In this study, we show
that IL-27 can contribute to a global anti-inflammatory state
through the induction of IL-10 in macrophages. This is in contrast
to one report in which IL-27 negatively regulates IL-10 induction
in human monocytes and BMDMs (44). However, in that study,
IL-27 downregulation of IL-10 occurred only when macrophages
were preactivated with TLR2 or TLR4 agonists. How LPS and
type I IFNs induce IL-27 expression remains to be elucidated and
requires extensive promoter studies of the p28 and EBI3 loci that
make up the functional Il-27 heterodimer. We show that LPS-
mediated p28 induction is type I IFN dependent, consistent with
studies of IL-27 regulation in human dendritic cells (45, 46). In-
duction of p28 expression appears to be NF-kB and IRF1 de-
pendent (45). Further investigation into the regulation of IL-27
gene expression will undoubtedly reveal insights into the regula-
tion of macrophage anti-inflammatory gene programs.

Acknowledgments
We thank Dr. Bin Gao (National Institute of Alcohol Abuse and Alcoholism)
for providing bonemarrow for macrophage-specific STAT32/2 (STAT3flox/flox

LysCre+/2) and STAT3+/+ (STAT3flox/floxLysMCre2/2) used in this study. We
also thank Dr. Steve Smale (MIMG, University of California, Los Angeles)
for helpful feedback and members of the laboratory for engaging discussion.

Disclosures
The authors have no financial conflicts of interest.

References
1. Meylan, E., J. Tschopp, and M. Karin. 2006. Intracellular pattern recognition

receptors in the host response. Nature 442: 39–44.

6606 LPS-MEDIATED IL-10 EXPRESSION REQUIRES TYPE I IFN AND IL-27

 at U
niv of C

alifornia-Los A
ngeles B

iom
ed Lib Serials on June 4, 2013

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



 29	  

 
 
 
 

2. Takeda, K., and S. Akira. 2005. Toll-like receptors in innate immunity. Int.
Immunol. 17: 1–14.

3. Barton, G. M., and R. Medzhitov. 2003. Toll-like receptor signaling pathways.
Science 300: 1524–1525.

4. Kawai, T., and S. Akira. 2006. TLR signaling. Cell Death Differ. 13: 816–825.
5. Medzhitov, R. 2001. Toll-like receptors and innate immunity. Nat. Rev. Immunol.

1: 135–145.
6. Kawai, T., and S. Akira. 2007. TLR signaling. Semin. Immunol. 19: 24–32.
7. Seth, R. B., L. Sun, and Z. J. Chen. 2006. Antiviral innate immunity pathways.

Cell Res. 16: 141–147.
8. Doyle, S. E., R. M. O’Connell, G. A. Miranda, S. A. Vaidya, E. K. Chow,

P. T. Liu, S. Suzuki, N. Suzuki, R. L. Modlin, W. C. Yeh, et al. 2004. Toll-like
receptors induce a phagocytic gene program through p38. J. Exp. Med. 199: 81–
90.

9. Severa, M., and K. A. Fitzgerald. 2007. TLR-mediated activation of type I IFN
during antiviral immune responses: fighting the battle to win the war. Curr. Top.
Microbiol. Immunol. 316: 167–192.

10. Doyle, S. E., R. O’Connell, S. A. Vaidya, E. K. Chow, K. Yee, and G. Cheng.
2003. Toll-like receptor 3 mediates a more potent antiviral response than Toll-
like receptor 4. J. Immunol. 170: 3565–3571.

11. Chang, E. Y., B. Guo, S. E. Doyle, and G. Cheng. 2007. Cutting edge: in-
volvement of the type I IFN production and signaling pathway in
lipopolysaccharide-induced IL-10 production. J. Immunol. 178: 6705–6709.

12. Rep, M. H., H. M. Schrijver, T. van Lopik, R. Q. Hintzen, M. T. Roos, H. J. Adèr,
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METHODS 

Cell Culture and Library Preparation 

Bone marrow derived macrophages from wild-type, IFNAR1 knockout, IL-27R knockout 

(TCCR/WSX1) and IL-10 KO were harvested from mice on a C57Bl/6 background. All mice 

were maintained and bred at the University of California, Los Angeles, Department of 

Laboratory Animal Medicine mouse facility (Los Angeles, CA) under specific pathogen-free 

conditions. Murine macrophages were generated by flushing bone marrow cells from the femurs 

and tibias of mice. Thee cells were cultured for 7 days in DMEM (Life Technologies, Rockville, 

MD) containing 10%FBS (Omega Scientific, Tarzana, CA), 1% penicillin/streptomycin (Life 

Technologies) and 2% conditioned media (CM) from CMG14-12 cells overexpressing M-CSF. 

Cells were plated at a densitiy of 0.4 x 106 cells/well (6 well) tissue cultured treated plate. CM 

was replaced on day 4 of differentiation and every 2 days thereafter. CM was removed overnight 

prior to 100ng/mL Lipid A stimulation (Invivogen, San Diego, CA). Real-time quantitative PCR 

and ELISA. In Fig. S6, Actinomycin D (Calbiochem) was added at 5uM 4hrs after stimulation, 

and cells were harvested immediately, 4hr, or 8hr after as described above. Post-stimulation, 

macrophages were harvested in PBS and lysed in 500 ul TRizol reagent (Invitrogen). RNA was 

isolated via chloroform extraction. cDNA was synthesized from 1ug RNA per sample by reverse 

transcription using Iscript (Bio-Rad, Hercules, CA). and an oligod(T) primer. Gene specific 

primers are listed in Table S5. Quantitative PCR (qPCR) was conducted using 95oC (5 min) to 

denature DNA strands followed by 95o (30s), 55o (30s) and 72o (45s) for 40 cycles followed by 

a 72o 5-min extension. Analyses were done using the iCycler thermocycler (Bio-Rad). Relative 

transcript levels were normalized to L32 expression. IL-10 (ebiosciences), IL-27 (ebiosciences), 

IL-1β BD Pharmingen) CXCL1 (R&D), MMP9 (R&D), CSF3 (BD Pharmingen) was measured 
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from supernatants after Lipid A stimulation for the indicated times according to the 

manufacturer’s instructions.RNA-seq Library Construction, Sequencing Mapping and Analysis 

Strand-specific libraries were generated using 500ng RNA input according to “deoxyuridine 

triphosphate (dUTP) method using TruSeq library preparation kit (Illumina, San Diego, CA). 

Illumina HiSeq2000 was used for sequencing with a single end sequencing length of 100 

nucleotides. All bioinformatics analyses were conducted using the Galaxy platform except as 

noted (Goecks et al. 2010). Reads were aligned to the mouse mm9 reference genome with 

Tophat (Trapnell et al. 2010) using default parameters. Alignments were restricted to uniquely 

mapping reads, with up to 2 mismatches permitted. RPKM were calculated as described 

(Mortazavi et al. 2008) for mm9 RefSeq genes (Pruit et al. 2005) by using Seqmonk 

(http://www.bioinformatics.babraham.ac.uk/projects/seqmonk) by counting exonic reads and 

dividing my mRNA length. Coexpressed gene classes were generated with Cluster3 by applying 

k-means clustering to mean-centered log2(RPKM) expression values. Differential analyses. Was 

performed using DEseq (Ander et al. 2010) using default parameters for the following 

comparisons ([WTmock vs WT4hr], [WTmock vs WT12hr], [WT4hr vs WT12hr], [WT4hr vs 

IFNAR4hr], [WT vs IL-27R4hr], [WT vs IL-104hr], [WT12hr vs IFNAR12hr], [WT12hr vs IL- 

27R12hr], [WT12hr vs IL1012hr]. Significance was corrected for multiple testing models using 

standard Benjami-Hochberg tests.  Differential expressed genes had a padj<0.05. 

ChiP-seq data sets were obtained from GEO accession GSE31531 (Hutchinson et al. 2012). 

Pscan was used to detect DNA motifs overrepresented in each class within a window +/- 1kb of 

the transcription start site (Zambelli et al. 2009). 

Immunoblot 

For Western blot analyses, cells were lysed in 50mM Tris (pH7.5), 140mM NaCl, 1%Igepal CA- 



 33	  

630, 0.25% sodiumdeoxycholate, 1mM EGTA, and 5mMNaF in the presence of protease 

inhibitors ().   For cell fractionation, cells were first lysed in Buffer A (10mM Hepes pH 7.9, 

1.5mM MGCl2, 10mM KCl, 0.5mM DTT) supplemented with protease inhibitors () to obtain 

cytosolic fractions. Nuclei were lysed in S1 Buffer (0.25M Sucrose, 10mM MgCl2) 

supplemented with protease inhibitors. Protein was quantified using a BCA kit (Thermo 

Scientific, Waltham, MA) according to the manufacturer’s instructions. Proteins were denatured 

and resolved on 10% SDS-PAGE gel, transferred to immobolin membranes, and immunoblotted 

in 5% BSA or milk using standard methods. The following antibodies were used at 1:1000 

concentrations: anti-STAT1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-STAT1 

(Y701) (Cell Signaling Technology, Beverly, MA), anti-phospho-c-jun (Cell Signaling), anti-c- 

jun (Cell Signaling), USF2 (Santa Cruz) and β-tubulin. 

RESULTS 

  The Toll-like receptor (TLR) response network has been a well characterized cell 

intrinsic model for studying signaling pathways and gene networks involved in host mediated 

acute immune response (1)	  (2). These studies have revealed a diverse but precise level of 

selectivity on gene induction at the transcriptional level via the recruitment of specific 

transcription factors and chromatin remodeling complexes that facilitate the generation of pro-

inflammatory cytokines, anti-microbial effectors and metabolic products that promote pathogen 

clearance and mediate tissue restitution in a coordinated manner (3)	  (4)	  (5)	  (6)	  (7)	  (8). 

Kinetic analyses of the TLR4 mediated transcriptome reveal three major temporal modes of gene 

expression 

Recent advances in sequencing technology have provided comprehensive genome-wide 

analyses of the epigenetic and transcription status of TLR induced transcriptional programs in 
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macrophages	  (9)	  (5)	  (10). The majority of these studies have focused on characterizing early 

transcription events following cellular response to pathogenic stimuli. For example, TLR4 

receptor ligation initiates a rapid signaling cascade leading to transcript production of hundreds 

of genes in bone marrow derived macrophages (BMDMs) including chemokines (CXCL1), 

extracellular matrix proteins (MMP9) and pro-inflammatory molecules (IL-1β) often within 

minutes of detection of stimulus, such as Lipid A. Further kinetic analyses reveal that for some 

cases (CXCL1, IL-1β, IFNβ), gene induction occurs in a rapid but transient manner, whereas in 

other cases (MMP9, IL-27p28, IL-10) transcript production occurs in a more sustained manner 

(Fig. 3-1A).  In the case for CXCL1 and IFNβ, restricting transcript production leads to 

saturation of protein production as detected by ELISA (Fig. 3-1B). In contrast, sustained 

transcript production of IL-27p28 and IL-10 results in prolonged protein production at the times 

we measured.   

We further characterized global transcript temporal dynamics of TLR4 gene activation by 

performing RNA-seq analyses on BMDMs stimulated with Lipid A for 0, 4, or 12hrs. Overall, 

we defined a cohort of Lipid A inducible genes consisting of 1706 Refseq genes using DESeq 

analyses (p<0.05)	  (11). Genes were defined as early and resolved, early and sustained, or late, 

based on peak expression (RPKM) levels and clustered into 7 groups based on their temporal 

RPKM profiles using an agglomerative clustering algorithm (Fig. 3-2A, B)	  (12). It should be 

noted that this temporal classification scheme based on peak expression values differs from 

previously described categorization based on mechanistic requirements(4)	  (13). To survey 

potential distinctions in biological function between these groups, we examined gene sets for 

enriched KEGG pathways using DAVID (14) (Fig. 3-2C). Interestingly, genes within the early 
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and resolved subset were associated with immune related pathways, including TLR signaling, 

 

Fig. 3-1: Expression profiles of TLR4 inducible genes. (A) BMDMs 
were stimulated with  Lipid A for the indicated time points. Relative 
transcript induction was measured by qPCR normalized to L32, a 
housekeeping gene. (B) BMDMs were stimulated with Lipid A for the 
indicated time points. Supernatants were collected and protein (pg/mL) 
was quantified via ELISA.  
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Fig. 3-2: Temporal classification of TLR4 inducible genes. (A) BMDMs were stimulated with  Lipid A for the indicated time points. RNA-seq analyses was performed and 
TLR4 inducible genes were clustered based on their temporal profiles. Heatmap depicts rank percentile of expression as measured by RPKM. Data representative of 3 
biological replicates (B) Quantification of early and resolved, early and sustained, late TLR4 inducible genes based on differential expression analyses(DESeq p<0.05). (C) 
KEGG pathway enrichment for early and resolved (black), early and sustained (blue), late (red) TLR4 inducible genes. Refseq gene terms were analyzed using DAVID. p-
values for KEGG term enrichment shown on the x-axis. 
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chemokine signaling, and cytokine-cytokine receptor signaling. In sharp contrast, late induced 

genes were enriched for metabolic functional pathways. Genes belonging to the early and 

sustained group shared common functionality with early and resolved as well as late gene 

subsets.  

Given the distinct temporal profiles of our different gene sets and the potentially 

divergent functional consequence inferred from our gene ontology analyses, we then asked if  

there were any putative regulatory mechanisms underlying our classification scheme. TLR4 

regulates the activity of a number of transcription factors including NFκB, AP-1, and interferon  

regulatory factors (IRF) that are actively recruited to the promoters of a number of Lipid A gene 

targets (13).  We searched for enrichment for transcription factor binding sites (TFBS) within 

each group using a probabilistic motif discovery tool (15) (Fig. 3-3).  Interestingly, early and 

resolved genes were specifically enriched for NFκB consensus binding sites whereas early and 

sustained and late gene sets were enriched for TFs normally associated with type I interferon 

(IFN) response, including IRF3, STAT and IRF1.  

Type I interferon activity exerts both positive and negative regulation on TLR4 inducible gene 

targets 

 Type I Interferons are robustly induced upon TLR4 stimulation and activate downstream 

gene targets through JAK-STAT signaling. These interferon stimulated genes (ISGs) are thought 

to mediate host anti-viral response by halting different aspects of viral entry, biogenesis and 

replication including Mx proteins, PKR, and OAS1/2	  (16)	  (17). To fully characterize IFN 

regulated genes within the TLR4 response network, we stimulated WT and IFNAR-deficient 

BMDMs for 0, 4, or 12hrs and performed RNA-seq (Fig 3-4A, 3-5A). IFNβ production is 

detectable as early as 2hrs after TLR4 stimulation and so this strategy would capture both early 
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and late IFN regulatory gene targets (Fig. 4-1B). At 4hr Lipid A treatment, defects in type I IFN 

signaling resulted in aberrant regulation of 512 genes compared to WT (Fig 3-4A). Of these the 

majority (478 genes) had significantly lower transcript abundance suggesting that type IFN is 

required for the induction of these gene sets (IFNAR inducible). At 12hrs post Lipid A treatment, 

abrogating type I IFN signaling led to differential regulation of transcripts associated with 789 

genes compared to WT (Fig. 3-5A). IFNAR inducible gene sets were largely similar between 4hr 

SP1 MA0079
(1e-30)

Sp1 

Nucleotide position 

NFKB1 MA0105
(1.18e-18)

NFκB 

Nucleotide position 

Early and Resolved 

IRF3 MC00026
(8.73e-9)

Early and Sustained 

IRF3 

Stat1 MC00141
(2.63e-9)

Nucleotide position 

Nucleotide position 

STAT1 

SP1 MA0079
(3.77e-20)

Sp1 

Nucleotide position 

IRF1 MC00025
(5.46e-8)

IRF1 

Nucleotide position 

IRF3 MC00026
(4.66e-10)

IRF3 

Nucleotide position 

Late 

Fig.3-3. Transcription Factor Binding Sites enriched within the promoters of different 
classes  Lipid A inducible genes: (A) Early and Resolved, (B) Early and Sustained, (C)Late. 
Proximal promoters sequences +-1kb of the transcription start site were fetched and position 
weight matrices (PWM) identified by de novo motif discovery and relative E values (obtained 
by MEME) are listed. 

A B C 



 39	  

   

4hrWTvsTCCR

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

WT

TC
C

R
 K

O

TCCR Inducible
TCCR Unregulated

4hrWTvsIFNAR

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

WT 

IF
N

A
R

 K
O

 

IFNAR Inducible 
IFNAR Repressed 
IFNAR Unregulated 

Figure S2 

0 genes 

2 genes 

IL-10 

B IL-27 Regulated Genes 
4hr 

34 genes 4hr 

478 genes 

IL-10 

IL-27 

A Type I IFN Regulated Genes 

Wildtype RPKM 

IF
N

A
R

 K
O

 R
P

K
M

 

Wildtype RPKM 

IL
-2

7R
 K

O
 R

P
K

M
 

C 
 

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

WT RPKM

IL
-1

0 
K

O
 R

P
K

M

IL10 Inducible
IL10 Repressed
IL10 Unregulated

IL-10 Regulated Genes 

4hr 
180 genes 

99 genes 

Wildtype RPKM 

IL
-1

0 
K

O
 R

P
K

M
 

IRF7 M00453
(1.06e-17)

IRF7 

Nucleotide position 

Stat1 MC00141
(3.53e-21)

STAT1 

Nucleotide position 

IFNAR inducible D 

Fig. 3-4. Summaryof type I IFN, IL-27 and 
IL-10 regulated genes after 4hr TLR4 
activation: WT, IFNAR-, IL-27R, and IL-10-
deficient BMDMs were stimulated with Lipid A 
for 4hrs. RNA-seq analyses was performed and 
differential expression was performed using 

 DESeq (A) Scatterplot measuring Log2 
RPKM values of genes of WT (x-axis) 
and IFNAR-deficient (y-axis). IFNAR 
inducible (blue), IFNAR repressed (red), 
and unregulated (black) 
genes are shown  (B) Scatterplot 
measuring Log2 RPKM values of genes 
of WT (x-axis) and IL-27R-deficient (y-
axis). IL-27Rinducible (blue), 
IL-27Rrepressed (red), and unregulated 
(black) genes are shown (C) Scatterplot 
measuring Log2 RPKM values of genes 
of WT (x-axis) and IL-10-deficient (y-
axis). IL-10inducible (blue), 
IL-10repressed (red), and unregulated 
(black) genes are shown. (D) IFNAR 
inducible proximal promoter sequences 
+- 1kb of the transcription strat site were 
fetched and positin weight matrices  
identified by de novo motif discovery 
and relative E values (obtained by 
MEME are listed. 



 40	  

and 12hr (>80% common genes).  Analyses for enriched TFBS in the promoters of these genes 

revealed overrepresentation of IRF7 and STAT1 elements, consistent with previous studies	  (18). 

In contrast, over time, deficiencies in IFN signaling led to an increase in the number of genes 

with elevated transcript abundance compared to WT (Fig. 3-4A 3-5B). Thus we conclude that 

following TLR4 stimulation, type I IFNs initially predominantly act as a positive regulator of 

transcription but over time can exert negative regulatory effects on gene expression. 

Type I IFNs coordinate an anti-inflammatory pathway via IL-27 and IL-10 that resolve 

expression of TLR4 dependent pro-inflammatory genes over time 

 Our analyses of TLR4 transcriptome kinetics revealed that a large subset of inducible 

genes were transiently upregulated and then suppressed over time. These data indicate that the 

mechanisms that contribute to both the generation and resolution of subsets of inducible genes 

are hardwired into the TLR4 circuitry in a cell intrinsic manner. Our earlier studies revealed that 

TLR4 signaling generates a robust anti-inflammatory response through type I IFN dependent 

induction of IL-27 and IL-10 (19)	  (20)(Fig. 3-5B, Chapter 2). Here we propose that type I IFN 

dependent IL-10 production contributes to the down-regulation of at least a subset of TLR4 

inducible early and resolved genes. To determine the contribution of IL-27 and IL-10 in TLR4 

mediated gene expression, we performed RNA-seq on Lipid A stimulated BMDMs lacking the 

IL-27 receptor (IL-27R/TCCR/WSX-1) or IL-10 (Fig. 3-4B, C, 3-5A).  Differential gene 

expression analysis revealed only one common TLR4 inducible gene that required both IFN and 

IL-27 signaling: IL-10 (Fig. 3-4A, B, 3-5A, B, C).  Thus we conclude that a major function of 

IL-27 is to mediate type I IFN dependent IL-10 production. Consistent with this notion, we 

observed a large number of genes that were concomitantly upregulated in IFNAR-, IL-27R-and 

IL-10-deficient BMDMs following 12hr TLR4 stimulation compared to WT (Fig. 3-5A, D). 
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 We further investigated the involvement of IFN, IL-27 and IL-10 signaling on the 

transcription kinetics of genes that exhibit an early and resolved profile in WT cells after Lipid A 

stimulation. We observed that while the initial induction of transcripts was not affected by 

deficiencies in IFN, IL-27 and IL-10; abrogating any of these components led to prolonged 

transcript abundance of about 124 common genes in all KO BMDMs compared to WT cells, 

representing about half of all IL-10 suppressed genes (Fig.3-5D, 3-6A). Thus we conclude that 

the Type I IFN:IL-27:Il-10 anti-inflammatory pathway plays a major role in limiting the 

expression of TLR4 gene targets over time. In fact, treating macrophages with type I IFN prior to 

Lipid A stimulation was sufficient to inhibit activation of gene expression for some genes (Fig. 

3-7A). Further more this phenomenon was not restricted to TLR4 signaling as type I IFN pre-

treatment suppressed genes common to both TLR4 and TLR2 gene programs. (Fig. 3-7B).  

 Previous work from our laboratory revealed that Type I IFN elicited during some viral 

infections can potentiate host susceptibility to secondary bacterial infections via neutrophil 

blockade	  (21).  Indeed analysis of the Lipid A-induced genes that were enhanced in the IFNAR 

knockout BMDMs indicate that type I IFN down-regulates genes which function in the 

development, recruitment and function of myeloid cells (Fig3-6A, B).  

Because our RNA-seq analysis consisted of static “snap shots” of gene expression, we 

wanted to observe expression profiles of TLR4 inducible genes to ascertain the involvement of 

IFNs, IL-27, and IL-10 on transcription kinetics over time. We stimulated BMDMs derived from 

WT, IFNAR-, IL-27R-, and IL-10-deficient animals and performed quantitative real-time PCR to 

gauge temporal profiles of select genes that fit an early and resolved profile including    
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Fig. 3-5. Summaryof type I IFN, IL-27 and IL-10 regulated genes after 12hr TLR4 
activation: WT, IFNAR-, IL-27R, and IL-10-deficient BMDMs were stimulated with Lipid 
A for 4hrs. RNA-seq analyses was performed and differential expression was performed 
using DESeq (A) Top Scatterplot measuring Log2 RPKM values of genes of WT (x-axis) 
and IFNAR-deficient (y-axis). IFNAR inducible (blue), IFNAR repressed (red), and 
unregulated (black) genes are shown  Middle Scatterplot measuring Log2 RPKM values of 
genes of WT (x-axis) and IL-27R-deficient (y-axis). IL-27Rinducible (blue), 
IL-27Rrepressed (red), and unregulated (black) genes are shown Bottom Scatterplot 
measuring Log2 RPKM values of genes of WT (x-axis) and IL-10-deficient (y-axis). 
IL-10inducible (blue), IL-10repressed (red), and unregulated (black) genes are shown. (B) 
Histogram of sequence tag distribution along the IL-10 locus in WT (blue), IFNAR-(red), 
and IL-27R-(green) deficient BMDMs stimulated with Lipid A for 0, 4, 12hrs. Exons are 
represented by black boxes and introns as straight lines. (C) Venn diagram summarizing 
Lipid A inducible genes that require IFNAR (red), IL-27R (green), IL-10 (black) signaling 
as determined by DESeq (p<0.05). (D) Summary of Lipid A inducible genes that negatively 
regulated by IFNAR, IL-27R, IL-10 signaling. Left most venn diagram represents Lipid A 
inducible genes grouped into earlyand resolved (black), early and sustained (purple) and 
late (orange) from Fig. 3-1. Right most venn diagrams represent genes that are repressed at 
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Fig. 3-6. Verification and Characterization of TLR4 inducible genes resolved via the 
Type I IFN-IL-27-IL-10 pathway: (A) IL-10 repressed genes ranked based on relative 
dependence on type I IFN signaling as measured by Deseq. Heatmap depicts p-values from 
differential expression. (B) Histogram of sequence tags along the CXCL1 locus in WT 
(blue), IFNAR-(red), IL-27R-(green), IL-10-(black) deficient BMDMs stimulated with 
Lipid A for 0 (mock), 4, 12hr. Exons are represented by black boxes and introns as straight 
lines. (C) Temporal expression profiles as measured by quantitative real-time PCR for 6 
Lipid A inducible genes identified from RNA-seq anlyses as being repressed by IFNAR, 
IL-27, IL-10 activity. Relative transcript induction normalized to L32, a housekeeping 
genes. Differential expression was measured by one tail ANOVA. * represent time points 
where WT transcript levels was signfiicantly different (p<0.05). Mean + SEM represents 3 
biological replicates. (D) KEGG pathways overrepresented in type I IFN repressed gene 
sets (red) compared to overall TLR4 inducible genes (black). Refseq terms were used as 
input and number of genes per pathway are measured on the x-axis. Inflammatory pathways 
are indicated with red braces. 
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(CXCL1), pro-chemokines (CXCL1), pro-inflammatory cytokines (IL-1β), myeloid growth 

factors (CSF1, CSF3), and immune signaling components (CD14, IL-17RD) (Fig. 3-6C). We 

observed that while initial induction of these transcripts was not affected by deficiencies in IFN, 

IL-27 and IL-10 signaling, abrogating any of these components led to prolonged transcript 

abundance in KO BMDMs compared to WT cells.  

Further informatics analysis demonstrated that the majority of genes that displayed 

persistent expression in IFNAR-IL-27R, and IL-10-deficeint macrophages compared to WT were 

enriched for KEGG pathways of inflammatory response rather than metabolic function, due to  

selective repression of early response genes (Fig. 3-6D).  This finding is consistent with the fact 

that the Type I IFN:IL-27:IL10 anti-inflammatory pathway predominantly targets and down-

regulates early and resolved genes over time. 
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Fig. 3-8. Type I IFN activity does not block TLR4 or TLR2 
siganling: (A)WT BMDMs were pre-treated with IFNα or 
saline control for 2hr and stimulated with Pamp-3-cys (left) 
Lipid A (right) 2hrs. Immunoblot was performed using 
antibodies specific for phospho-p65, phospho-STAT1, α-STAT1, 
phospho-c-jun, total c-jun and β-actin. (B) WT BMDMs were 
pre-treated with IFNα or saline control for 2hr and stimulated 
with Lipid A for 2hrs. Cells were fractionatd into cytosolic (left) 
or nuclear (right) fractions. Immunoblot was performed using 
antibodies specific for p65, β-tubulin, or USF2. 
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Type I IFN targets suppression of TLR4 inducible targets in a gene specific manner 

In total Type I IFN activity exerted suppressive effects on the expression of 202 TLR4 

early and resolved genes, of which 124 genes appear to be down-regulated via IL-10 (Fig. 3-5D).  

These data emphasize an immune-modulatory role for IFN signaling distinct from it function in 

directing host anti-viral response. Moreover, the effects of were not restricted to TLR4 signaling, 

as IFN was able to suppress the expression of a similar number of targets common to both TLR4 

and TLR2 response (Fig. 3-7C). We then asked whether type I IFN activity could inhibit TLR 

signaling. We stimulated BMDMs with TLR2 or TLR4 agonists in the presence or absence if 

rIFNα and assayed activation of downstream transcription factors common to both IFN 

suppressed and IFN non-suppressed gene sets, including NFκB and AP-1	  (13). We found that 

IFN activity had no effect on activation of the NFκB p65 subunit or c-jun, a component of the 
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AP-1 transcription complex (Fig. 3-8A). We also assayed STAT1 activation as a measure of 

IFNα activity. After confirming that NFκB and AP-1 activation was not regulated by IFN 

activity, we next assessed whether NFκB translocation to the nucleus was blocked in the 

presence of IFNα. We stimulated BMDMs with Lipid A in the presence or absence of rIFNα,         

isolated cytosolic and nuclear compartments by cell fractionation and assayed for the presence of 

p65 (Fig 3-8B). We observed no difference in p65 enrichment in the nucleus in the presence of 

rIFNα. We also assayed for β-tubulin (cytosol restricted) and USF2 (nucleus restricted) to 

confirm the purity of our cellular fractions. Thus IFN mediated resolution of gene expression 

may be a generalized form gene suppression, but it also appears to occur in a locus specific 

manner.  

CXCL1 but not IL-23α and PDGFβ are suppressed via post-transcriptional mechanisms 

 Our next step was to begin to uncover the underlying mechanisms governing IFN 

mediated transcription resolution. Our initial analyses revealed that IFN activity can repress 

TLR4 gene targets in both IL-10 dependent (i.e. CXCL1) and independent means (PDGFβ, IL-

23α) (Fig. 4-5D). We focused on CXCL1	  (21), PDGFβ (22) and IL-23α (23) based on their 

relevance in anti-bacterial, fibrosis, and autoimmune disease models previously set up in the 

Cheng laboratory. Informatics analyses for TFBS enrichment revealed no obvious motifs 

common to either group or that distinguished the IL-10 dependent subset from the IL-10 

independent set (data not shown). However, many studies suggest that IL-10 predominantly 

exerts effects at the post-transcriptional level by targeting mature transcripts for degradation(24)	  

(25). To distinguish whether type I IFN acts to negatively regulate gene expression at the 

transcriptional or post-transcriptional level, we stimulated WT and IFNAR-deficient 

macrophages with Lipid A for 4hrs and then added Actonomycin D (ActD), a pharmacological 
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agent that inhibits transcription initiation by blocking phosphorylation of the CTD of RNA 

polymerase II (26). In this manner, we could allow normal transcription initiation and then 

observe mRNA abundance in the presence or absence of nascent transcript generation. We 

observed that for two genes, CXCL1 and IL-1β, after ActD treatment, transcript abundance 

remains elevated in IFNAR-deficient macrophages compared to WT cells, suggesting that type I 

IFN regulates these genes at the post-transcriptional level (Fig. 3-9A, B). In contrast, IL-23α and 

PDGFβ mRNA were drastically reduced in both WT and IFNAR deficient cells treated with 

ActD (Fig. 3-9C, D). Thus distinct sets of early and resolved genes can be down regulated by 

IFNs in via transcriptional and post-transcriptional mechanisms. 

 

PDGFβ but not CXCL1 or IL-23α is transcriptionally inhibited by type I IFNs via Smad7 
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 We next decided to focus on two genes, PDGFβ and IL-23α, both of which are robustly 

induced by TLR4 and transcriptionally resolved by IFN activity in an IL-10 independent manner. 

We had previously reported that TLR3 agonist, polyinosinic:polycytidylic acid (polyI:C), 

induces an anti-viral  gene program in macrophages through the combinatorial activation of 

NFκB and IRF3 whereas agonists to TLR9, such as hypomethylated CpG nucleotides fail to 

elicit an anti-viral response (27, 28). Microarray data from our laboratory indicated that there are 

a number of genes that are solely induced by CpG and not polyI;C in BMDMs (data no shown) 

including PDGFβ, a proliferation/migration inducing growth factor implicated in a number of 

diseases such as tumor metastasis and glomerulonephritis (29) (30). Further analysis 

demonstrated that while both TLR9 and TLR3 agonists activate NFκB, which is necessary for 

PDGFβ induction, only CpG is able to activate Smad3/4 through the TGFβ autocrine/paracrine 

loop. PolyI:C induction of type I IFN prevented the intrinsic ability of TLR3 to induce PDGFβ 

as well as enabled polyI:C to block CpG induction of PDGFβ through type I IFN dependent 

induction of the TGFβ inhibitor Smad7 (22) (Fig. 3-10A).  Given the ability of TLR4 to activate 

PDGFβ and IFNβ pathways simultaneously, we explored whether resolution of PDGFβ involved 

a similar mechanism.  

 Lipid A stimulation elicited robust TGFβ1 production as measured by ELISA and TGFβ 

stimulation was able to induce PDGFβ transcript induction in BMDMs (Fig. 3-10B, C). 

Interestingly, neither CXCL1 nor IL-23α was induced by TGFβ treatment, suggesting these 

genes are regulated via alternative mechanisms by TLR4. As previously described, PDGFβ  

induction occurs via coordinated activation of both NFκB via MyD88 dependent mechanisms 

and Smad3/4 activation via TGFβ signaling	  (22). Consequently, inhibition of TGFβ signaling is 
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via Smad7 sufficient to block PDGFβ gene expression.  We next showed that both LipidA and 

rIFNα were able to induce Smad7 protein expression as detected by immunoblot whereas CpG 

was not, consistent with earlier studies (Fig. 3-10D). We then asked whether Smad7 was 

required for inhibition of PDGFβ in response to rIFNα. We utilized a lentiviral based approach 

to knockdown Smad7 expression in BMDMs (Fig. 3-10E) and stimulated mock or Smad7 

IRF1 qPCR PDGFb

0 2 4 6 8 10 12
0

5

10

15

20

Time

WT
IFNAR KO

B A 

IRF1 qPCR CXCL1

0 2 4 6 8 10 12
0.1

1

10

100

1000

Time

WT
IRF1 KO

CXCL1!

R
el

at
iv

e 
In

du
ct

io
n 

PDGFβ!

IRF1 qPCR IL23a

0 2 4 6 8 10 12
0

5

10

15

Time

WT
IRF1 KO

IL-23α!
D 

R
el

at
iv

e 
In

du
ct

io
n 

R
el

at
iv

e 
In

du
ct

io
n 

IL-23a Promoter

Moc
k

IR
F1

0

200000

400000

600000

800000
WT
ISRE Mutant

WT! IRF1!

IL-23α Promoter   

C 

Lu
ci

fe
ra

se
 

Fig. 3-11. Type I Interferon resolves IL-23α expression via IRF1: (A) WT and IRF1 deficient BMDMs were 
stimulated with Lipid A over time. Transcript induction was measured by qPCR normalized to L32. (B) 
Schematic of the proximal IL-23α promoter. NFκB and IRF1 binding sites depicted at the sites indicated relative 
to the transcription start site. Sequence identity and conservation shown below. (C) WT BMDMs were 
stimulated with rIFNα or Lipid A. IRF1 and HSP90 expression were measured by immunoblot. (D) WT or 
mutant IL-23α promoter were transfected in 293T cells with either empty vector or IRF1 expression vector. 
Promoter activity was measured by firefly luciferase normalized to Renilla luciferase activity 

IRF1 

Hsp90 

Mock IFNa 2h IFNa 4h Lip A 2h Lip A 4h 



 51	  

knockdown cells with Lipid A in the presence of absence of rIFNα. As expected, PDGFβ was 

inhibited by rIFNα treatment in mock knockdown BMDMs but expression remained high in 

Smad7 knockdown cells. In contrast, neither CXCL1 nor IL-23α inhibition by rIFNα required 

Smad7 expression (Fig. 3-10F).   Smad2/4 are recruited to the PDGFβ promoter upon CpG 

stimulation. Thus we hypothesized that Smad7 may inhibit PDGFβ promoter activity by 

blocking recruitment of Smad2/4. To test this we co-expressed Smad7 in J2 macrophages with a 

PDGFβ luciferase reporter construct (31). Smad7 was able to block PDGFβ promoter activity 

but had no effect on CXCL1 or IL-23a promoter activity (Fig. 3-10G). Taken together, these data 

suggest that PDGFβ induction by TLR4 occurs via TGFβ autocrine/paracrine signaling. 

Resolution of PDGFβ expression by type I IFNs occurs through Smad7, which inhibits PDGFβ 

promoter activity leading to transcriptional inactivation. 

Type I Interferon resolves IL-23α gene expression via IRF1 

 Our previous work suggested that type I IFN resolved IL-23α transcripts during the 

course of Lipid A stimulation of BMDMs via transcriptional mechanisms (Fig. 3-9). Unlike IFN 

mediated repression of PDGFβ, however, this occurs via a process independent of Smad7 (Fig. 

3-10). This was not surprising since we were unable to identify any obvious Smad2/3/4 binding 

sites within the IL-23α proximal promoter (data not shown). We did identify a conserved IRF1 

binding site approximately 370bp upstream of the transcription start site within the IL-23α 

promoter (Fig. 3-11B). RNA-seq and immunoblot analyses confirmed IRF1 as an IFN inducible 

product (Fig. 3-11C). We then stimulated WT and IRF1 deficient BMDMs with Lipid A and 

found that IL-23α but not CXCL1 or PDGFβ failed to resolve in the absence of IRF1 (Fig. 4-

11A). We then co-expressed an IL-23α promoter reporter construct in the presence or absence of 
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IRF1 and discovered that IRF1 was able to repress IL-23α promoter activity (Fig. 3-11D). 

However, when we mutated the consensus IRF1 element, basal promoter activity was augmented 

and IRF1 was unable to exert its repressive activity (Fig. 3-11D).  Thus we conclude that IRF1 is 

required for IFN mediated resolution of IL-23α transcript production in response to TLR4 

stimulation and functions through a repressive promoter element either through cis or trans.   
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CHAPTER 4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

TYPE I INTERFERONS INITIATE AN ANTI-INFLAMMATORY GENE PROGRAM 
THAT COORDINATES RESOLUTION OF INFLAMMATION DURING ACUTE 

IMMUNE RESPONSE AGAINST BACTERIAL INFECTION 
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METHODS 
Escherichia coli induced peritonitis 

E. coli O18:K1 was cultured in LB media () at 37oC, collected at mid-log phase, and washed 

twice with sterile saline before injection. Colony Forming Unit Assays were quantified by 

plating immediately in 10 fold dilutions on blood agar plates to determine viable counts. Mice 

were administered via intraperitoneal injection with 108 viable E. coli CFU in 100 ul sterile 

isotonic saline. Survival was monitored every 12 hours. As indicated 250ug rIL-27 (R&D) was 

administered via tail vein injection 1hr after E. coli challenge. Mice that survived >5 days 

appeared to be permanent survivors. At the indicated time points, peritoneum lavage was 

performed in 10mL volume using an 18G needle. Recovery of peritoneal fluid was >90% for 

each animal and did not differ between groups. Cell counts were quantitated using a 

hemacytometer and centrifuged at 1400xg.  The pellet was diluted with PBS until a final 

concentration of 105 cells/mL and differential cell counts were performed using a Hemavet 

blood analyzer (Drew Scientific, Waterbury, CT). CFU and ELISA were conducted as described 

above. Serum was drawn from lower caval vein into a sterile syringe and transferred to tubes 

containing EDTA (K3) and immediately place on ice. Asparatate aminotransferase (ASAT), 

alanine aminotransferase (ALAT), creatinine were determined with commercially available kits 

(Sigma, St. Louis, MO) using a Hitachi analyzer (Boehringer Mannheim, Germany). According 

to the manufacturer’s instructions. Spleen was collected and homogenized mechanically using a 

5mL plunger in TRizol. 
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RESULTS 

During the course of infectious disease, the immune system must regulate the balance between 

anti-microbial host responses and subsequent tissue damage. Many pro-inflammatory pathways 

which contribute to host defense against infectious disease have been identified; however, the 

pathways that regulate and resolve the pro-inflammatory response preventing injury are not well 

understood (1)	  (2). To study the mechanisms by which the acute inflammatory response is 

resolved, we studied the type I interferon (IFN) pathway, a hallmark feature of the acute phase 

immune response to viral infection where induction of interferon stimulatory genes (ISGs) is 

required for host defense	  (3). In contrast, a strong type I IFN response often correlates with 

higher bacterial virulence and the absence of a IFN signaling can enhance host-mediated 

clearance of many bacterial species (4)	  (5)	  (6)	  (7)	  (8)	  (9).  Therefore it remains unknown whether 

the type I IFN response in bacterial infection is of benefit to the host and what the functional role 

might be (9)	  (10).  
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Fig. 4-1. E. coli infection induces IL-27 and IL-10 in a type I IFN dependent manner. WT 
(blue), IFNAR-(red), IL-27R-(green), IL-10-(black) deficient animals were infected with 108 
CFU E. coli via intraperitoneal injection. Peritoneal fluid was lavaged at 2, 4 and 12hr post 
infection. IL-27 (A) and IL-10 (B) protein production was measured by ELISA. Data 
represents average mean + SEM for 5 animals per group. Two tailed student t-test was 
performed on WT vs KO measurements for each time point. * denotes p<0.05  
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Escherichia coli induced peritonitis is associated with type I interferon dependent induction of 

IL-27 and IL-10 

 Deficiencies in IL-10 signaling during acute bacterial infections are characterized by 

augmented pro-inflammatory response, sustained immune infiltration, endotoxemia and organ 

failure due to excessive tissue damage (11)	  (12). However the factors that contribute to IL-10 

regulation during an acute phase bacterial response have not been fully delineated. Our earlier 

work described a novel pathway in which Type I IFNs directed resolution of TLR4 mediated 

gene induction through the sequential production of IL-27 and IL-10 (Chapter 2, 3). Here, we 

propose that Type I IFNs, via IL-27, coordinate robust IL-10 production in a manner that 

promotes host clearance of microbial insult while preventing excessive inflammation and 

immune infiltration once the pathogen has been cleared. To test this, we utilized a model of 

Escherichia coli induced peritonitis, in which lack of IL-10 signaling is associated with increased 

mortality caused by failure to resolve inflammatory response initiated by TLR4 signaling (13)	  

(14)	  (15).  Animals were challenged with an LD50 dose (108 CFU) of an entero-pathogenic 

(EPEC) strain of E. coli. Animals deficient in Type I IFN signaling exhibited significant defects 

in IL-27 and IL-10 protein production in the peritoneum (Fig. 4-1A, B).   This data is consistent 

with a model in which IL-10 production is dependent on both IFN and IL-27 during host 

response to gram-negative bacterial infections.  

Deficiencies in the IFN-IL-27-IL-10 pathway augment host clearance of bacteria but lead to 

poor survival outcomes 

 In this model of bacterial infection, all cohorts of mice exhibited symptomatic morbidity 

normally associated with peritonitis (data not shown). At 4hrs and 12hrs we lavaged the 

peritoneum and examined bacterial load by quantifying bacterial colony forming units on blood 
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agar plates over night. Interestingly, though all 4 groups had similar bacterial burden 4hrs after 

infection (Fig. 4-2A), by 12hrs, IFNAR-IL-27R-and IL-10-deficient animals had cleared 

virtually all bacteria whereas WT mice demonstrated a biphasic distribution of bacterial load at 

12hrs consistent with our LD50 challenge (Fig. 4-2B). However, the progression to mortality in 

mice deficient in IFNAR-, IL-27R-and IL-10-deficient animals was much more rapid compared 

to WT despite lower bacteremia (Fig. 4-3A). Of note, IL-10 mice succumbed more quickly than 

IFNAR- or IL-27R-deficient mice consistent with the level of IL-10 expressed in each of these 

groups.  

Deficiencies in the IFN-IL-27-IL-10 pathway is associated with sustained myeloid peritoneum 

infiltration and augmented expression of pro-inflammatory and tissue damage markers following 

E. coli challenge 

 During the course of systemic bacterial infections, neutrophils are recruited and play an 

important role reducing bacterial burden by releasing granular anti-microbial molecules, 

engulfing microbes via receptor-mediated phagocytosis and propagating host inflammatory 

response through the secretion of chemoattractant chemokines and cytokines (16)	  (17)	  (18). Our 
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Fig. 4-2. Abrogating Type I IFN-IL-27-IL-10 pathway enhances host clearance of bacteria 
following infection. WT (blue), IFNAR-(red), IL-27R-(green), IL-10-(black) deficient animals 
were infected with 108 CFU E. coli via intraperitoneal injection. Peritoneal fluid was lavaged at  
4 (A) and 12hr (B) post infection. Bacterial load was measured by CFU assay. Data represents 
10 animals per groupTwo tailed student t-test was performed on WT vs KO measurements for 
each time point. * denotes p<0.05  
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previous studies had revealed that type I IFNs could selectively promote the resolution of 

expression of genes involved in neutrophil recruitment, development and function including 

CXCL1, IL-1β, and CSF3 (18) (Chapter 3). Accordingly, we hypothesized that augmented anti-

bacterial response in IFNAR-, IL-27R- and IL-10-deficient animals may be associated with 

sustained expression of pro-inflammatory molecules. We infected mice with an LD50 dose of 

E.coli, harvested spleen at 2hr, 4hr and 12hr post infection and observed transcript production for 

CXCL1, IL-1β, and CSF3 in the spleen over time. We found that transcript kinetics during an E. 
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Fig. 4-3. Abrogating Type I IFN-IL-27-IL-10 pathway leads to decreased survival following 
bacterial infection. WT (blue), IFNAR-(red), IL-27R-(green), IL-10-(black) deficient animals were 
infected with 108 CFU E. coli via intraperitoneal injection. (A) Survival was monitored for 120hrs. (B) 
IFNAR mice were infected with 108 CFU E. coli via intraperitoneal injection. 1hr post infection 250ug 
rIL-27 or saline were administered via tail vein injection. Data represents 10 animals per group. 
Differential survival was measured by Mann Whitney test (p<0/05) 
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coli challenge in vivo mirrored the pattern we saw in vitro in BMDMs responding to Lipid A 

stimulation (Chapter 3). In WT mice, induction of these markers peaked at 4hrs and was resolved 

by 12hrs (Fig. 4-4A, B, C).  In contrast, animals deficient in IFNAR, IL-27R or IL-10 failed to 

down-regulate transcript production by 12hrs. This sustained transcript production was 

associated with increased protein abundance in the peritoneum 12hrs post-infection (Fig. 4-4D, 

E, F).  Furthermore, elevated levels of these inflammatory markers were associated with 

increased infiltration of neutrophils and macrophages as measured by CBC differential of the 

peritoneal lavage fluid (Fig. 4-5A, B).  IFN has been shown to induce apoptotic pathways	  (19) 

but staining of Gr1+ gated cells with propidium iodide and annexin V demonstrated that 

prolonged neutrophil enrichment was not due to a failure to apoptose (Fig. 4-5C). 

 Confronted with the paradox that in our model increased mortality is associated with 

decreased bacteremia, we hypothesized that IFNAR-, IL-27R-and IL-10-deficeint animals 

succumb not to the initial bacterial infection itself but instead to residual tissue damage 

exacerbated by a prolonged inflammatory response that fails to resolve in the absence of one or 
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Fig. 4-4. Abrogating Type I IFN-IL-27-IL-10 pathway leads to persistent expression of neutrophil recruiting factors following bacterial 
infection. WT (blue), IFNAR-(red), IL-27R-(green), IL-10-(black) deficient animals were infected with 108 CFU E. coli via intraperitoneal 
injection. Spleen were harvested at 2, 4, and 12hr post infection and transcript induction was measured relative to an uninfected WT mouse and 
normalized to L32,  a housekeeping gene (A) CXCL1 (B) CSF3 (C) IL-1β.  Peritoneal fluid was lavaged at 12hrs post infection and protein 
production was measured by ELISA. (D) CXCL1 (E) CSF3 (F) IL-1β.  Data represents 5 animals per group.  
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more of these factors. Quantitation of clinical chemistry markers of systemic tissue damage 

including serum alanine amino transferase (sALT), aspartate amino transferase (sAST) and 

creatinine, revealed elevated levels of all 3 markers in IFNAR_IL-27R-and IL-10 –deficient 

animals compared to WT 12hrs after E. coli challenge (Fig. 4-6A, B, C). 

rIL-27 administration in IFNAR deficient animals subsequent to E. coli challenge leads to 

improved survival outcomes 

Having established an association between defects in IFN mediated anti-inflammatory 

signaling, a failure to fully resolve inflammation, and increased tissue damage, we wanted to 

further define the epistatic relationship between these three factors in relation to their ability to 

curb excessive inflammation. We infected IFNAR-deficient mice with a lethal dose of E. coli 

and treated mice 1hr later with rIL-27 or saline and tracked survival (Fig. 4-3B). IL-27 

administration was able to rescue 50% of animals suggesting that IL-27 signaling occurs 

downstream of type I IFN and highlights the therapeutic potential of IL-27 in resolving acute 

inflammatory response. 

DISCUSSION 

Our study provides insight into a comprehensive temporal model of type I IFN responses to 

infection. During an acute infection, type I IFN is strongly induced through different innate 

immune receptor-mediated signal transduction pathways playing a critical role in host defense 

through induction of ISGs. Subsequently, a linear Type I IFN-IL-27-IL-10 pathway is activated, 

which results in the resolution of over 120 pro-inflammatory genes, preventing uncontrolled and 

prolonged inflammatory responses. Importantly as demonstrated in this study, this anti-

inflammatory gene program protects against acute tissue injury and mortality. Consistent with 
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this role in resolving inflammation, the induction of type I IFN has been shown to prevent the 

development of autoimmune disease	  (20)	  (21). 

 In addition to the beneficial role of the type I IFN pathway in host defense in resolving 

inflammation, prolonged activity of the type I IFN-IL-27-IL-10 gene program may inhibit 

protective host responses. This is observed in the increased susceptibility to secondary bacterial 

pneumonia following influenza infection	  (22). Further persistence of the type I IFN gene 

program, including downstream induction of IL-10 promotes chronic viral (23, 24)and bacterial 

infections	  (25) contributing to human diseases including tuberculosis and leprosy	  (26). In this 

temporal model our study uncovers a novel regulatory role for type I IFNs in resolving host 

inflammatory responses to prevent collateral tissue damage. Furthermore, these data provide 

mechanistic insight into the critical balance between protective immunity and resolution of 

inflammation versus chronic infection in the battle between the host and the pathogen. As such, 

the identification of the type I IFN;IL-27-Il-10 gene program provides the potential to intervene 

in infectious and inflammatory conditions in which tissue injury and organ damage contribute to 

significant clinical morbidity and mortality in infectious disease.  
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Fig. 4-6. Abrogating Type I IFN-IL-27-IL-10 
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CHAPTER 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INTERLEUKIN 27 MEDIATES THE ESTABLISHMENT OF LATENT 
GAMMAHERPESVIRUS INFECTION 
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METHODS 
Cells and viruses. All cells were propagated in Dulbecco's modified Eagle medium containing 

10% fetal bovine serum and antibiotics. NIH 3T12 cells were mainly used to propagate the wild-

type MHV-68 (WT) and its mutant derivatives for in vitro and in vivo study. Vero cells were 

used to determine the titers of infectious viruses. 

Mouse experiments. All animal handling was performed in accordance with the Animal 

Research Committee guidelines of the University of California, Los Angeles. All mice were 

infected after anesthesia, and the infected mice were sacrificed at 5 days postinfection (dpi) (5 × 

105 PFU/mouse) or 7 dpi (500 PFU/mouse) to measure the acute viral infection in the lung or at 

14 dpi to measure the viral latent load in the spleen. Statistical analysis of the data was 

performed by Student's t test. The infectious viral titer in the lung and the reactivatable viral 

latency was measured by plaque assay and infectious center assay, respectively, as previously 

described (45). T cells were purified from the thymus with the Pan T-cell isolation kit, which 

negatively selects T cells in a magnetic field, as instructed by the manufacturer (Miltenyi 

Biotec). 

Quantification of viral genome and transcript. The total genomic DNA from the infected lungs or 

spleen tissue was prepared using the DNeasy kit (Qiagen) and then subjected to quantitative real-

time PCR as previously described (40). The total RNA from the infected spleen tissue was 

prepared using the RNeasy kit (Qiagen) and transcripts of ORF50 (immediate-early), ORF57 

(early), ORF29 (late), and ORF73 (latent) genes were detected via PCR using the following sets 

of gene-specific primers, respectively: SH-50F (5′-GATTCCCCTTCAGCCGATAAG-3′) 

and SH-50R (5′-CAGACATTGTAGAAGTTCACCT-3′), ORF57SP-F1 (5′-

ACCAAATGATGGAAGGACTAC-3′) and ORF57SP-R (5′-

GCAGAGGAGAGTTGTGGAC-3′), ORF29R1 (5′-TTCTCATTGGCATCTTTGAGG-3′) 
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and ORF29L4 (5′-GGAAAATGGGGTGATCCTGT-3′), and SH-73-5F (5′-

GATGAGGGAAGTGTTGGTGATG-3′) and SH-73-3R (5′-

CTCGTGAGTAGCGCCGACTAG-3′). 

Bioluminescence optical imaging. Bioluminescence imaging of M3FL replication in mice was 

performed using the in vivo imaging system (IVIS; Xenogen Corp., Alameda, CA), which 

consists of a cooled charge-coupled-device (CCD) camera mounted on a light-tight specimen 

chamber, camera controller, and a computer system for data acquisition and analysis. Every other 

day postinfection with 5 × 105 PFU of M3FL, mice were anesthetized with a mixture of xylazine 

and ketamine, and imaging was performed immediately after administration of d-luciferin by 

intraperitoneal injection (3 mg/mouse) from a 15-mg/ml stock solution in phosphate-buffered 

saline. For ex vivo imaging, mice were anesthetized and given d-luciferin by intraperitoneal 

injection. At ca. 10 min after injection of substrate, the mice were sacrificed and dissected to 

identify the signaling organ. 

A grayscale surface image of each mouse was obtained first at 1.5-cm subject height focus, 20-

cm field of view, 0.2-s exposure time, and 8 f-stop (aperture). Overlapping bioluminescence 

images were acquired at the same field of view, 60 s, 1 f-stop, and an open emission filter. 

Bioluminescence imaging was performed after rotating each mouse toward the CCD camera to 

detect signal on four sides (dorsal, ventral, and two lateral sides) until the luminescent signal 

reached its peak and waned. The pseudocolor scale bar of each image shows the relative photon 

flux for each image with different minimum and maximum values to visualize signals with 

different intensities in each image. All imaging experiments were performed at least two times, 

and the representative data are shown here. 
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Quantitation of luciferase activity. Relative intensities of in vivo bioluminescence were 

represented as an overlapping pseudocolor images from violet (least intense) to red (most 

intense). Grayscale photographs and corresponding color images were superimposed with 

LivingImage (Xenogen) and Igor (Wavemetrics, Lake Oswego, OR). A region of interest (ROI) 

was manually selected, and the intensity was expressed as photon flux (photons/s/cm2/steradian). 

For the reliable comparison of signal intensities, the maximum photon flux values were 

measured from each ROI and analyzed. 

For in vitro correlation of FL activity with viral replication, NIH 3T12 cells were infected in 

duplicate with M3FL at multiple MOIs (1 to 0.000001). At 3 dpi, the infected cells were frozen 

and thawed three times, and the titers of the infectious viruses in the whole-cell lysate were 

determined by plaque assay. For the measurement of FL activity, the infected cells were lysed in 

1× passive lysis buffer (Promega), and the relative number of luciferase unit (RLU) and protein 

amount of each lysate were determined. For in vivo correlation of FL activity with viral 

replication, mice (n = 12) were infected intranasally with 5 × 105 PFU of M3FL, and the lungs 

of the infected mice were harvested at the peak time of acute replication. The titer of infectious 

virus was determined by plaque assay using the homogenized lung lysate in complete medium. 

For the measurement of luciferase activity, the infected lung tissues were homogenized in 1× 

passive lysis buffer, and the number of RLU and protein amount of each lysate were determined. 

RESULTS 

 Herpesviruses establish life-long, latent infections characterized by episodic virus 

reactivation and subsequent virus shedding. Studies involving murine gammaherpesvirus 68 

(MHV68) a natural pathogen of wild murid rodents with extensive genetic and virulent 

similarities to human pathogens EBV and KSHV have provided insight into viral trafficking and 
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form the basis for modeling the steps by which gammaherpesviruses establish latency in 

lymphotrophic compartments and promote pathogenesis. 

 

 A central feature of gammaherpesvirus infections is their persistence over the lifetime of 

the host due to their ability to evade immune surveillance. This is achieved through non-

cytopathic infection in specific cell types characterized by limited viral gene expression and the 

complete absence of virus production. Previous studies have demonstrated a significant role for 

IL-10 in mediating the establishment of latency following MHV68 infection (1). In addition to 

preventing hyperinflammation associated with enhanced viral clearance, IL-10 also promotes B 

cell viability and can activate B cell proliferation and class switching, ultimately increasing the 

long-term reservoir of latent MHV68 in mice (2)	  (3)	  (4)	  (5)	  (6). Mutagenesis studies of the 
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MHV68 viral genome have revealed a number of factors that contribute to host induction of IL-

10 during the course of gammaherpesviruses including the MHV68 M2 gene and the EBV 

BCRF1 gene (7)	  (8). However both M2 and BCRF1 are strain specific and dispensable for the 

establishment and maintenance of persistent gammaherpesvirus infection in vivo.  These studies 

open the possibility for host mediated mechanisms that promote tolerance of persistent infection.  

IL-27 and IL-10 are dispensable for host clearance of MHV68 lytic virus 

 Our previous studies revealed a mechanism through which TLR activation led to robust 

IL-10 production through the sequential activation of type I interferons and IL-27 (Chapter 2, 3). 

Additional studies from our lab and others have demonstrated a role for IL-27 in promoting long 

term IL-10 production in a T cell dependent manner leading to autoimmune pathogenesis (9)	  

(10)	  (11). MHV68 infection induces a strong type I interferon response required for controlling 

lytic replication	  (12)	  (13). This led us to hypothesize that IFN signaling could promote IL-27 and 

subsequently IL-10 during the course of infection. To test this we administered 105 pfu MHV68 

via intranasal infection and collected serum at various time points to assay for IL-27 and IL-10 

production following infection. We observed that MHV68 induced strong IL-27 production in 

WT animals that peaked around day 8 and persisted at lower levels from day 14 on (Fig. 5-1A)  

In IFNAR deficient animals the initial spike in IL-27 production was attenuated but then 

resembled WT response after day 14. In similar fashion, WT mice infected with MHV68 also 

experienced strong IL-10 response peaking at day 8 and persisting for up to 41 days (Fig. 5-1B). 

IFNAR-deficient animals experienced an initial defect in IL-10 production but then reached WT 

levels by day 14. In contrast IL-27R deficient animals were unable to mount a robust IL-10 

response.  
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 Based on our RNA-seq analyses of TLR4 dependent transcriptome dynamics, we showed 

that deficiencies in IL-27 signaling led to defects in IL-10 production. However despite being an 

IFN inducible gene product, deficiencies in IL-27 did not lead to abrogation of expression of any 

known anti-viral genes (Chapter 2).  Thus we believe that IL-27 does not play a role in mediating 

host response to acute viral infections. To test this we infected WT and IL-27R deficient J2 

macrophages with either DNA (MHV68, HSV-1) or RNA (VSV) virus and performed a plaque 

assay on the supernatants collected after infection to determine viral replication in vitro. As 

expected, defects in IL-27 signaling had no significant effect on viral load (Fig. 5-2A, B, C).  

 To investigate the role of IL-27 in during MHV68 infection in vivo, we utilized a 

recombinant MHV68 strain expressing firefly luciferase driven by the lytic M3 promoter	  

(MHV68-‐Fl) (14). This provided a means of monitoring systemic infection and in vivo 

replication using a non-invasive bioluminescence approach. We infected WT, IFNAR-, IL-27R, 

and IL-10-deficient mice with 105 MHV68-Fl and monitored lytic replication via 

bioluminescence imaging. In WT animals, luciferase signal peaked by day 6-8 and correlating 

with host clearance of replicating virus as measured by plaque assay (Fig. 6-3). IFNAR deficient 

animals, as expected, were unable to control lytic replication due to a defective anti-viral 

response leading to persistence of lytic replication as measured by luciferase signal for up to 27 

days post infection (Fig. 5-5A).  In contrast defects in IL-27 or IL-10 signaling had no obvious 

effects on MVH68 lytic replication following intranasal infection.  We achieved similar results 

using an intraperitoneal route of infection demonstrating that IL-27R but not IFNAR-deficient 

animals were able to control lytic viral replication independent of the route of infection (Fig. 5-4, 

Fig. 5-5B).  To verify that our bioluminescence assay correlated with actual virus present in the 

host, we isolated spleens from WT, IFNAR, Il-27R, and IL-10 deficient mice at days 8, 14 and 
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41 post intranasal infection and performed a plaque assay on lysed splenocytes to measure 

steady-state lytic replication (Fig. 5-6A, B, C). Lytic virus was robustly detected in WT, IL-27R, 

and IL-10 splenocytes at day 8, but had begun to subside by day 14 and reached nearly 

undetectable levels by day 41. In contrast, in IFNAR-deficient mice lytic replication remained  

 

high even at day 14 and was still detectable as far as 41 days post infection.  Finally we 

quantified viral transcript expression measuring expression of two lytic viral genes, ORF50 and 

ORF57 from lung or spleen homogenates (Fig. 5-7). Expression of ORF50 was strong at day 8 in 

the lungs and spleens of WT, IL-27R and IL-10 deficient animals but subsided by day 41 (Fig. 5-

7A, C). In contrast ORF50 expression was 100fold greater than WT at both day 8 and day 41 

post infection. Similar results were observed for ORF57 expression (Fig. 5-7B, D).   Thus using 

three approaches we conclude that IL-27 plays no significant role in modulating host response 

against MHV68 acute lytic viremia. 
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Fig. 5-2. IL-27 confers no effect on replication of 
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was measured by plaque assay. Data represents 3 
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Fig. 5-3. Deficiencies in type I IFN but not IL-27 or IL-10 are required for clearance of 
MHV68 lytic phase replication. WT, IFNAR, IL-27R and IL-10 animals were infected with 105 
pfu MHV68M3FL via intranasal route. In vivo lytic replication was detected by bioluminscence 
imaging over time. Dorsal and ventral images are represented for 4-5 animals per group 
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Defects in IL-27 and IL-10 signaling prevent the establishment of MHV68 latency in vivo 

 Despite observing no obvious defects in host response to lytic replication, our initial 

study showing that IL-10 response to MHV68 was defective in IL-27R deficient animals 

motivated us to investigate the role of IL-27 in mediating the establishment of MHV68 latency, 

which functions through IL-10 (1). Spleens of intranasally infected animals were harvested and 

latent virus production was measured using an infectious center assay as previously described	  

(15) This assay measures ex vivo reactivation of latent virus, which correlates with latent viral 

load in vivo. We found that mice lacking IL-27R or IL-10 harbored significantly less latent virus 
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Fig. 
6-4 

Fig. 5-4. Deficiencies in type I IFN but not IL-27 or IL-10 are required for clearance of MHV68 lytic phase 
replication. WT, IFNAR, and IL-27R animals were infected with 103 pfu MHV68M3FL via intraperitoneal route. In 
vivo lytic replication was detected by bioluminscence imaging over time. Dorsal and ventral images are represented 
for 4-5 animals per group 
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compared to WT in the spleen up to 41 days after the initial infection (Fig. 5-8A, B). Moreover, 

we quantified genomic copies of latent virus directly by PCR and found 1000 fold fewer copies 

in the lung and about 150 fold fewer copies in the spleen derived from IL-27R or IL-10 deficient 

animals as compared to WT.  Thus these data suggest that MHV68 utilizes the IL-27 signaling 

pathway to establish viral latency in the spleen.  
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Fig. 5-7. Deficiencies in type I IFN but not IL-27 or IL-10 leads to higher expression of lytic viral transcripts in lung and spleen 
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CONCLUSION 
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 The resolution of inflammation is a dynamic and highly coordinated process that plays a 

crucial role in maintaining a physiological equilibrium of host immune response. Fundamental to 

this mechanism is the balance between protective immunity and chronic inflammation. In this 

dissertation we characterize a role for type I interferons in promoting tissue homeostasis beyond 

its classical function as a mediator of anti-viral response as a critical stimulus of anti-

inflammatory host response through the induction of interleukin 10 via the intermediary 

interleukin 27. Using a TLR based model of acute immune response, we propose that this 

stepwise process linking a pro-inflammatory stimulus to an anti-inflammatory feedback 

mechanism provides a temporal model of gene expression kinetics in which gene induction of 

pro-inflammatory and anti-microbial products are induced in immediate response to TLR stimuli 

in order to recruit immune effectors to eliminate invading pathogens and over time through the 

sequential induction of intermediaries of anti-inflammatory response, generate an effective IL-10 

response capable of resolving inflammation and promoting tissue restitution (Fig.6-1). We 

reason then, that perturbing the generation, propagation and duration of these secondary anti-

inflammatory responses can exert detrimental effects on immunopathology in both the short and 

long term.  

Type I Interferons during acute immune response and sepsis 

 Prior work in our lab had revealed a role for type I interferon in conferring susceptibility 

to secondary bacterial infections in animals previously exposed to the influenza virus	  (1).  Wild-

type animals failed to mount an adequate neutrophil response commensurate to their enhanced 

bacterial burden and mice deficient in IFN signaling conferred a protective advantage against 

post-influenza pneumococcal infection. These studies corroborated with other investigations in 

which mice infected with lymphocytic choriomeningitis virus was associated with susceptibility 
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to bacterial infection and polyI:C prophylaxis engendered a highly permissive environment for 

M. tuberculosis proliferation (2)	  (3). These studies emphasized a negative regulatory role of type 

I interferons in local neutrophil recruitment at the site of viral infections. 

 

 This work presented demonstrates that deficiencies in type I IFN, IL-27 and IL-10 

signaling result the persistence of ~124 TLR4 inducible transcripts normally resolved 12hrs after 

stimulation (Fig. 3-2). Gene ontology analyses revealed that genes involved in neutrophil 

recruitment and biogenesis were among the most highly enriched subsets of transcript affected 

by deficiencies in this pathway (Fig. 3-6). These include chemokines (i.e. CXCL1), cytokines 

(IL-1β) and hematopoietic factors (GCSF). Immediate recruitment of neutrophils to the site of 

Fig. 6-1. Temporal model of Type I IFN response leading to induction of ISGs and resolution of pro-inflammatory response 
through the sequential induction of IL-27 and IL-10. In response to acute infection, the host mounts robust and rapid generation of 
pro-inflammatory gene expression that directs clearance of invading pathogens (red). A hallmark feature of this response is the 
production of type I IFNs. Type I IFN activity leads to up-regulation of numerous Interferon Stimulatory Genes (ISGs), many of which 
are involved in anti-viral response (orange). Concomitantly, type I IFNs initiate a more gradual anti-inflammatory response (blue) that 
amplifies over time through the sequential induction of IL-27 and IL-10. Subsequent IL-10 activity leads to resolution of the expression 
a large subset of pro-inflammatory genes. This kinetic framework allows rapid but transient expression of genes required for effective 
elimination of foreign pathogens in a manner that limits tissue damage. However, prolonged anti-inflammatory response can enhance 
susceptibility to chronic viral and/or bacterial infection 
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infection is considered an essential mechanism to eliminate certain classes of bacterial pathogens 

via the release of granular antimicrobial molecules, direct engulfment of microbes via receptor-

mediated phagocytosis and the secretion of cytokines and chemokines that provide a 

chemoattractant gradient to recruit additional immune effectors (4). However, in the absence of 

invading pathogens prolonged neutrophil activity leads to an accumulation of anti-microbial 

products including azurophilic granules and proteases that conjure an oxidative environment that 

can reek havoc on surrounding host tissue (5)	  (6)	  (7). We show in a septic peritonitis model, type 

I interferon signaling is beneficial by promoting the natural resolution of pro-inflammatory 

response and the cessation of neutrophil recruitment to the site of infection (Fig. 4-3, 4-5). 

However in the case of influenza pneumonia, virus induced type I interferon prior to exposure to 

secondary bacterial challenge can exacerbate host pathology by preventing normal neutrophil 

recruitment and subsequent host anti-bacterial response. It follows that supplementing animals 

with recombinant CXCL1 leads to lower bacterial burdens and improved outcomes (1). 

 Our study also begins to address a seemingly contradictory paradox in the bacterial field. 

That is, during most if not all bacterial infections, the host mounts a robust type I IFN response 

but the effects of IFN signaling do not always favor the immune response of the host against the 

infection. In fact, IFNs can actively participate in the resistance against bacterial infections in 

many cases.  Work from our lab and others have demonstrated that abrogation of IFN signaling 

leads to increased host resistance to infection with Francisella tularensis and Listeria 

monocytogenes (8)	  (9)	  (10)	  (11)	  (12). On the other hand, type I IFN activity improved host 

response against Salmonella typhimurium and group B streptococci (13)	  (14). However, in many 

of these studies the terms “susceptibility” and “resistance” did not distinguish the ability of the 

host to fully eradicate the invading pathogen from the ability of the host to ultimately survive the 
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residual effects of bacterial infection. Here we demonstrate that deficiencies in IFN, IL-27 and 

IL-10 can actually enhance host mediated clearance of E. coli through a mechanisms that 

involves sustained neutrophil infiltration through an ability to quench transcript production of 

CXCL and GCSF chemoattractant ligands (Chapter 3).  Still, these mice ultimately experience 

poor outcomes and decreased survival despite enhanced bactericidal ability.  

 We postulate that the discord between the enhanced anti-microbial capabilities of IFNAR 

deficient mice and the increased mortality following bacterial infection is a result of sustained 

tissue damage resulting in organ failure. Our survey of clinical chemistry markers associated 

with tissue damage in the serum corroborated this hypothesis (Fig. 4-6). However we realize that 

further work needs to be done to fully characterize this phenotype including histological analyses 

and quantitation of reliable markers of tissue damage. IFN activity can enhance production of 

nitric oxide which is confers potent antibacterial effects, although this occurs in a manner 

independent of IL-10	  (15).  Work from our lab has shown that type I IFNs can inhibit Th17 

which promotes T cell mediated anti-microbial response in an IL-27 dependent manner	  (16). 

IFNs can potentially promote tissue damage itself through induction of pro-apoptotic factors 

such as Puma and Noxa (17). In addition, type I IFNs have pleiotropic effects on T cell 

immunity, NK cell activation, antibody production and DC activation that could also potentially 

explain this paradox.  

 Interpretation of these types of studies is further obscured by the fact that models of 

sepsis and endotoxic shock involve a complex and coordinated series of molecular events that 

manifest in phenotypes that are observed but not fully understood. For example, during 

endotoxic shock in mice, type I IFN deficiency reduces LPS-induced lethality but not the 

production of other pro-inflammatory cytokines or nitric oxide (18). Similar results were 
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reported in a model of high lethality septic peritonitis induced by colon ascendens stent as well 

as in a model of liver injury after ischemia and reperfusion (19)	  (20).  However, despite their 

increased endotoxin resistance, IFNAR deficient mice have increased late mortality in a low 

lethality model of cecal ligation and puncture (CLP)-induced sepsis due to decreased production 

of CXCL10 and a failure to recruit phagocytic neutrophils that are necessary for resistance I this 

model (21). The differential effect of type I IFN on neutrophil recruitment might be explained by 

the opposing roles IL-27 plays in regulating these two models of polymicrobial sepsis. 

Deficiencies in IL-27 lead to resistance to the CAS model but susceptibility to CLP (22). Then 

again the temporal phases of inflammatory response may provide clues to how IFNs regulate 

host response to sepsis. We have observed that IFN activity exerts its immunosuppressive effects 

at predominantly late but not early phases of hyperinflammation (Chapter 3). These data suggest 

that different phases of cytokine production in sepsis may be distinguished based on the 

involvement of type I IFN and its downstream effectors, like IL-27 and IL-10. This idea is 

supported by the notion that rIL-27 can rescue IFNAR deficient mice when given 1hr after but 

not before bacterial challenge (Fig. 4-4, data not shown).  

Persistent type I interferon and chronic bacterial infection 

 Our present studies highlight the beneficial role type I IFNs can play in conferring 

protective immunity against bacterial infections. However, we can imagine scenerios in which 

hyperactivation or persistence of the IFN-IL-27-IL-10 pathway can negatively impact tissue 

homeostasis. Prolonged IL-10 response can impede the progression of many autoimmune 

diseases such as systemic lupus erythematosus, rheumatoid arthritis, and multiple sclerosis (23). 

In support, our lab and others have demonstrated that deficiencies in the IFN-IL-27-IL-10 

pathway exacerbate development of Th17 based chronic inflammatory diseases like EAE in 
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animal models	  (16). Conversely enhanced activation of this pathway could conceivably promote  

a permissive environment that allows for the persistence of microbes by dampening 

immunosurveillance leading to chronic infection. The association of IFN response and persistent 

microbial replication was first observed by de la Maza et al. in their studies of Chlamydia 

infections. Here they found that rather than inducing intracellular killing of bacteria, type I IFNs 

promoted inhibited the transformation of Chlamydia microbes from elementary to reticulate 

bodies resulting in chronic infection (24)	  (25). Analyses of transcriptomes from the blood of 

patients with tuberculosis revealed a type I IFN and IL-10 signature associated with more severe 

pathogenesis (26). Importantly, the finding of IL-10 mRNA and protein at the site of disease 

suggested that there is likely to be a causal association between the type I IFN and IL-10 profiles 

in active mycobacterial diseases and tissue damage. More recently, in collaboration with the 

Modlin laboratory at UCLA, we observed type I IFN and IL-10 preferentially expressed in 

disseminated and progressive lepromatous lesions of patients harboring Mycobacterium leprae 

(27) (Appendix E).  We also detected enrichment of IFNβ, IL-27 and IL-10 co-localized and 

preferentially enriched in lepramatous but not the less aggressive tuberculoid lesions of infected 

patients. These data are consistent with a model in which enhanced IFN signaling can facilitate 

immunosuppressive conditions lead to more severe pathology and chronic infection. 

Type I interferon and IL27 during persistent viral infection 

 Similarly, many viruses have developed independent but convergent methods for 

escaping the immune system by promoting an immunosuppressive environment in the host. Both 

cytomegalovirus and some gammaherpesviruses encode IL-10 mimics expressed during active 

viral infection that facilitate latent infection by suppressing antiviral immune responses. 

Consistent with this, studies of longer term interleukin 10 therapy in chronic hepatitis C patients 
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demonstrate increased HCV viral burden via alternations in immunologic viral surveillance (28). 

Recent studies by Teijaro et al. and Wilson et al. have implicated a role for type I IFN regulation 

of IL-10 in the persistence of LCMV infection	  (29, 30).  Blockade of IFN signaling increased 

viral replication and acute LCMV infection was no longer controlled. Inhibition of IFN signaling 

also reduced the expression of IL-10. However, despite an initial increase in virus, blocking type 

I IFN during chronic LCMV infection led to a substantial reduction in viral titers by 2 months 

after infection.  

 In our study, we investigated the role of type I IFN, IL-27 and IL-10 in controlling 

gammaherpesvirus using the well established MHV68 model (Chapter 5). MHV68 exists as both 

an active lytic virus but persists as a latent virus in which virus production ceases by definition. 

Previous studies have implicated IL-10 in mediating establishment of viral latency, however 

unlike LCMV, gammaherpesvirus does not persist due to ineffective T cell mediated cytotoxic 

effects (T cell exhaustion)	  (31).  We found that during the course of infection both IL-27 and IL-

10 were induced and initially regulated by IFN signaling, but over time, IL-27 and IL-10 

persisted at lower levels independent of type I IFN response. Deficiencies in IFN signaling led to 

uncontrolled lytic viral replication and increased latent virus. In contrast, animals deficient in IL-

27 or IL-10 signaling were able to clear lytic virus with similar efficiency as wild-type but 

prevented the establishment of viral latency up to 41 days post infection. Thus we uncover a 

novel pathway implicated in host-viral interactions in the context of chronic viral infection. 

Given the paucity of known factors involved in viral mediated latency, it is difficult to speculate 

on the mechanism of action. One important underlying factor is deciphering whether deficiencies 

in IL-27 and IL-10 confer enhanced T cell mediated cytotoxic effects or whether IL-27 and IL-

10 signaling regulates the reservoir of latency, mainly memory B cells and macrophages. From 
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our perspective both avenues are potentially involved given the ability of IL-27 and IL-10 to 

regulate lymphocyte homeostasis (23)	  (22) 

 These data also highlight the potential for targeting IL-27 signaling in to prevent the 

establishment of persistent viral infection. Earlier studies described using the LCMV model of 

chronic viral infection demonstrated that IFN blockades can help eradicate persistent viruses 

over time. However, given the essential role of IFNs in mediating anti-viral response, targeting 

IFN signaling in a clinical setting is not very practical. In the late 1990s, many laboratories 

attempted to harness the powerful immunomodulatory properties of IL-10 to remediate 

inflammatory disease including colitis, arthritis, and hepatitis C infections. However, despite the 

success in experimental settings, the efficacy of IL-10 therapies have proven to be quite poor in 

clinical settings (32). We propose that Il-27 may prove to be an excellent target for preventing 

viral latency. Based on our RNA-seq data, deficiencies in IL-27 signaling, despite being an IFN 

inducible gene, do not adversely effect expression of other ISGs. In fact, other than positively 

regulating IL-10, IL-27 does not seem to regulate many other genes suggesting that this molecule 

is part of a dedicated pathway liking type I IFN response to IL-10 production. As such we 

believe that targeting IL-27 through receptor blockade or other approaches would be an effective 

strategy for preventing persistence infection with minimal side effects. 

 
APPENDIX A 
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NF-jB and Innate Immunity

Anurupa Dev, Shankar Iyer, Bahram Razani and Genhong Cheng

Abstract Members of the NF-jB transcription factor family play a critical role in
the development of innate immunity. Upon recognition of pathogen infections or
tissue damage, the NF-jB pathway is strongly activated by cellular pattern rec-
ognition receptors, including Toll-like receptors and multiple cytosolic receptors
such as RIG-I-like helicases and NOD family proteins. NF-jB is required not only
for the expression, but also for subsequent signal transduction of numerous
downstream cytokines. NF-jB-responsive genes affect a diverse array of cellular
processes including apoptosis and cell survival, and often directly control the
course of a pathogen infection. In this review, we will examine signaling pathways
leading to NF-jB activation during the innate immune response and mechanisms
of pathogen-modulation of these pathways; the specifics of NF-jB-dependent gene
programs, and the physiological consequences for the immune system caused by
the absence of individual NF-jB subunits.

Abbreviations

PRR Pattern recognition receptor
PAMP Pathogen associated molecular pattern
TLR Toll-like receptor
RLR RIG-I-like receptor
NLR NOD-like receptor

A. Dev, S. Iyer, B. Razani and G. Cheng (&)
Department of Microbiology, Immunology & Molecular Genetics,
University of California Los Angeles, 615 Charles Young Dr S.,
210A BSRB, Los Angeles, CA 90095, USA
e-mail: gcheng@mednet.ucla.edu

Current Topics Microbiology (2011) 349: 115-143 115
DOI: 10.1007/82_2010_102
! Springer-Verlag Berlin Heidelberg 2010
Published Online: 17 September 2010



 91	  

 

IFN Interferon
IFNAR Interferon a/b receptor
NF-jB Nuclear factor-kappaB
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1 Introduction

The body’s first line of defense against invading pathogens is the innate immune
system, which generates an immediate, non-specific response against foreign
components such as microbial proteins and nucleic acids. When a cell is infected
by a virus or bacteria, it undergoes rapid changes, both through pathogen modu-
lation of cellular components as well as activation of the cell’s own innate immune
response. Activation of the innate immune system is mediated by diverse families
of pattern recognition receptors (PRRs) that recognize microbial components
known as pathogen associated molecular patterns (PAMPs). Cellular receptors
such as Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and Nod-like
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receptors (NLRs) are among the array of PRRs that the cell employs to recognize
signs of infection.

Once these cellular receptors bind their distinct ligands, specific signal trans-
duction pathways are activated, resulting in the induction of numerous cytokine
and chemokine genes. A critical component of the innate immune response is the
nuclear factor—kappaB (NF-jB) family of transcription factors. There are five
NF-jB family members (NF-jB1, NF-jB2, c-Rel, RelA, and RelB), all of which
contain a DNA-binding Rel-homology domain. These transcription factors are
sequestered in the cytoplasm by inhibitor of kappaB (IjB) proteins, until upstream
signals cause their release into the nucleus, where they bind to ubiquitous NF-jB
response elements. Numerous cellular processes are regulated by NF-jB-respon-
sive genes, including inflammation, apoptosis/cell survival, and initiation of the
adaptive immune response.

NF-jB is strongly induced downstream of most PRRs, and a number of NF-jB
pathway components are also utilized in the development of the innate immune
response. Accordingly, viruses and other invading pathogens will often attempt to
modulate cellular NF-jB to their own advantage. Among the genes induced by
NF-jB itself is the functionally important IFN-b as well as a number of inflam-
matory chemokines and interleukins. In this chapter, we will review NF-jB sig-
naling and gene regulation during the innate immune response, as well as
investigate immune system defects caused by deficiencies in NF-jB family
members.

2 Activation of NF-jB by Toll-Like Receptors

Toll-like receptors (TLRs) are a major class of membrane-bound pattern recog-
nition receptors (PRRs) belonging to the IL-1R family. TLRs function as sentinels
of the innate immune system and are critical in the induction of long-term acquired
immunity. Each TLR is able to recognize distinct PAMPs found in bacteria,
viruses, fungi, and protozoa. TLR1, 2, 4, and 6 recognize lipids, with TLR4
specifically detecting lipopolysaccharide (LPS) found in gram-negative bacteria.
TLR5 and 11 bind to microbacterial protein components. The final class of TLRs
is intracellularly located and able to recognize viral and bacterial nucleic acids
which are internalized during an infection via endocytosis of viral particles. TLR3
responds to double-stranded RNA, while TLR7 and 8 recognize single-stranded
RNA. Finally, TLR9 binds to double-stranded CpG motifs in pathogen DNA
(Kawai and Akira 2007).
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2.1 MyD88 and TRIF-Dependent Signaling

TLR signaling is mediated through interactions between the cytoplasmic Toll/IL-
1R (TIR) homology domain with downstream adaptor molecules, mainly TRIF
(TIR domain-containing adaptor gene inducing IFN-b) and MyD88 (myeloid
differentiation primary response gene 88). TLRs, along with other members of the
IL-1 receptor (IL-IR) family, such as IL-1R and IL-18R, are potent activators of
the mitogen-activated protein kinase (MAPK) and the canonical NF-jB pathway.
These receptors are all defined by a common structure consisting of a leucine rich
region (LRR) for PAMP recognition or a domain for cytokine binding and the
shared cytoplasmic TIR signaling domain.

A critical family of adaptor proteins downstream of MyD88 and TRIF in the
innate response is the tumor necrosis factor (TNF) receptor-associated factors
(TRAFs). There are six proteins in this family (TRAF1-6), and each contains a
conserved C-terminal domain able to interact with a number of different receptors,
including TNF receptors, CD40, and TLRs. While many TRAFs were originally
identified as required for activation of NF-jB and AP-1, TRAF3 has recently been
identified as a positive regulator in the IFN response in a number of cell types
(Häcker et al. 2006; Oganesyan et al. 2006).

TLR3 utilizes TRIF to activate both IRF3 and NF-jB (Yamamoto et al. 2002a,
b). The other TLRs appear to be MyD88-dependent, with the exception of TLR4
which utilizes TRIF for late-phase IRF3 and NF-jB activation (Fitzgerald et al.
2003a, b; Yamamoto et al. 2003). TLR2 and TLR4 also require the use of an
additional adaptor Mal/TIRAP (TIR-domain containing adaptor protein) for
MyD88 recruitment (Horng et al. 2002; Yamamoto et al. 2002a, b; Fitzgerald et al.
2001). Mal directly recruits TRAF6 and is essential for NF-jB production
downstream of TLR2 and 4 (Verstak et al. 2009). MyD88 recruits members of the
IRAK (IL-1 receptor associated kinase) family through its death domain, followed
by binding of IRAK1 to TRAF6, which functions as an E3 ubiquitin ligase.
TRAF6 ubiquitinates itself as well as TAK1 (transforming growth factor-activated
protein kinase 1) and the downstream protein NEMO (Mogensen 2009).

Many of the signal-induced NF-jB pathways converge at the level of IKK
activation. The IKK (IkappaB kinase) complex is made up of two catalytic sub-
units, IKKa and IKKb, as well as a regulatory subunit IKKc/NEMO. (Häcker and
Karin 2006). The IKK complex sequesters NF-jB in the cytoplasm, until upstream
activation signals lead to IKK activation and phosphorylation of the IjB proteins,
targeting them for proteasomal degradation (Scheidereit 2006). This degradation is
followed by predominant release of c-Rel and RelA-containing dimers to the
nucleus (Hayden et al. 2006).

While TRIF activates IRF3 through a TRAF3-dependent pathway, TRIF-
dependent activation of NF-jB is separately regulated. TRIF recruits TRAF6 and
TAK1 (Sato et al. 2003) as well as the serine–threonine kinase RIP1 (receptor
interacting protein 1) to activate NF-jB. TRIF has a RIP homotypic interaction
motif (RHIM) through which it interacts with RIP1, and RIP1-deficient MEFs are
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deficient in NF-jB production upon stimulation with poly(I:C), a synthetic dsRNA
ligand for TLR3 (Meylan et al. 2004). TRIF signaling downstream of TLR4 also
involves the protein TRAM (TRIF-related adaptor molecule), which interacts with
TRIF, TIRAP, and TLR4 and is specifically required for LPS signaling and
induction of NF-jB transactivation and subsequent induction of downstream genes
IL-6 and TNFa (Fitzgerald et al. 2003a, b; Yamamoto et al. 2003).

2.2 IKK-Related Kinases: TBK1 and IKK-i

In addition to the canonical IKK kinases, there are two IKK-related kinases, TBK1
(TANK binding kinase-1) and IKKe/IKK-i (Peters and Maniatis 2001). TBK1 and
IKK-i phosphorylate the interferon regulatory factors IRF3 and IRF7, which are
critical in the activation of the IFN response (Fitzgerald et al. 2003a, b; Sharma
et al. 2003; McWhirter et al. 2004). Cells deficient in TBK1 displayed a delayed or
ablated IFN response to challenge with LPS, poly(I:C), or Sendai virus. However,
TBK1 and IKK-i are not essential for TLR-dependent NF-jB activation, as
stimulation with these ligands in wildtype and TBK1 deficient cells show no
significant difference in NF-jB nuclear localization or DNA-binding activity
(Perry et al. 2004; Hemmi et al. 2004; McWhirter et al. 2004).

TANK (TRAF family member-associated NF-jB activator) is a NEMO-inter-
acting protein which links to upstream signals to the IKK complex to activate
NF-jB. A NEMO construct lacking the TANK-binding site was not able to fully
recapitulate NF-jB activation in NEMO-/- cells. TBK1 and IKK-i are able to
promote TANK-IKK complex formation (Chariot et al. 2002). It was later found that
TANK also interacts with TRIF as well as IRF3 and that targeted knockdown of
TANK leads to a decrease in IFN production and increased viral titers upon Sendai
virus infection. This suggests that TANK works as a link between upstream adaptors
and TBK1/IKK-i activation in the type I IFN pathway (Guo and Cheng 2007).

2.3 Canonical IKK Kinases in IRF Activation

Recent studies have shown that in addition to inducing NF-jB, members of the
canonical IKK signaling complex play a role in regulating IRF phosphorylation and
activation. In addition to its involvement in NF-jB activation (Yamaoka et al. 1998),
the regulatory IKK subunit NEMO bridges both interferon and NF-jB signaling.
MEFs deficient in NEMO have an impaired ability to clear an infection by Sendai
virus or VSV (vesicular stomatitis virus), correlated with a decrease in IRF3 and IRF7
activation and interferon-stimulated regulatory element (ISRE) reporter gene acti-
vation. NEMO is also able to interact with TANK and recruit the IKK-related kinases
TBK-1 and IKK-i to the RNA-virus retinoic acid inducible gene I (RIG-I) signaling
complex (Zhao et al. 2007). Additionally, IKKa was shown to be a critical component

120 A. Dev et al.



 96	  

of interferon signaling downstream of TLR7 and 9 in plasmacytoid dendritic cells
(pDCs). IKKa interacts with and directly phosphorylates IRF7, connecting the
MyD88 adaptor protein to downstream IFN-a production (Hoshino et al. 2006).

2.4 IFN-Regulated Induction of NF-jB

While PAMP recognition in cells initiates signaling pathways leading to NF-jB
induction, as a product of a primary response gene IFN itself can activate NF-jB,
acting to amplify the initial inflammatory response and promote cell survival. There
are two known mechanisms by which this occurs—first, through phosphatidylinositol
3-kinase (PI3K) and Akt, with STAT3 directly coupling PI3K to IFNAR. Activation
of the alternative NF-jB pathway also occurs downstream of IFNAR through a NIK
(NF-jB inducing kinase) and TRAF2-dependent mechanism (Du et al. 2007).

3 Intracellular Pattern Recognition Receptors

While certain specialized immune cells such as macrophages and pDCs have high
expression of Toll-like receptors, it is clear that many other cells—even those with
little to no TLR expression—are able to produce type I IFNs and activate
inflammatory pathways. Additionally, MEF cells which are lacking in TLR3, 7, 9,
or both TLR adaptors MyD88 and TRIF are still able to produce IFN-b and IL-6
upon Newcastle disease virus (NDV) infection (Kato et al. 2005). Therefore, it was
proposed that there is an alternate system of PAMP recognition which functions in
fibroblastoid cells.

3.1 Cytoplasmic RIG-I Like Receptors

The mounting of an antiviral response to double-stranded RNA in fibroblastoid
cells involves the CARD (caspase recruitment domain)-containing DExD/H-box
helicases RIG-I and melanoma differentiation-associated gene 5 (Mda5) (Yoney-
ama et al. 2005). RIG-I specifically binds to uncapped 50 triphosophate RNA, a
characteristic of numerous viral nucleic acids (Hornung et al. 2006). RIG-I deficient
MEFs show a reduction in ISRE and NF-jB activation upon Newcastle disease
virus (NDV) infection. RIG-I functions upstream of TBK1 and IKK-i to induce
IRF3 phosphorylation and IFN-b production (Kato et al. 2005). The CARD domain
of RIG-I is essential for RIG-I signaling activity, as its expression alone activates
IRF3 and causes constitutive NF-jB DNA-binding activity (Yoneyama et al. 2005).
It was subsequently found that RIG-I interacts with another CARD-containing
downstream adaptor molecule CARDIF/VISA/MAVS/IPS-1 (Meylan et al. 2005;
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Seth et al. 2005; Xu et al. 2005; Kawai et al. 2005). Cardif is able to recruit the
classical IKK kinases via its C-terminal region (Meylan et al. 2005) and also
interacts with TRIF and TRAF6, indicating a branching point for both IRF and
NF-jB activation (Xu et al. 2005). CARDIF also directly and specifically interacts
with the critical TLR adaptor TRAF3 via a TRAF-interaction motif, linking it to
downstream kinases TBK1 and IKK-i and subsequent IFN-b production (Saha et al.
2006). Intracellular RNA also induces interferon through a TLR3-independent,
RIP1/Fas-associated protein with death domain (FADD)/TBK1-dependent mech-
anism, highlighting the existence of numerous cellular proteins which are utilized
in the cytosolic antiviral response (Balachandran et al. 2004).

3.2 Intracellular DNA Recognition

Much like the cellular response to non-self RNAs, infection with a DNA virus or
stimulation with synthetic DNAs also causes activation of immune and inflam-
matory responses. Double-stranded B-form DNA ((poly(dA–dT)!poly(dA–dT)) or
Listeria monocytogenes bacterial DNA triggers an antiviral response indepen-
dently of TLRs (Ishii et al. 2006; Stetson and Medzhitov 2006). While the IFN
response to DNA was originally thought to be independent of the RIG-I pathway,
recent papers have shown that viral and bacterial DNA can be converted into
50-triphosphate RNA via DNA-dependent RNA Polymerase III pathway to pro-
duce ligands for RIG-I, thereby causing the production of NF-jB and type IFNs
(Ablasser et al. 2009; Chiu et al. 2009).

The first putative receptor to be identified within the cytosolic DNA pathway
was DAI (DNA-dependent activator of IFN-regulatory factors), previously known
as ZBP1, or Z-DNA binding protein 1. DAI binds directly to double-stranded
DNA, which enhances its association with TBK1 and IRF3 (Takaoka et al. 2007).
DAI-dependent activation of NF-jB is dependent on recruitment of RIP1 and
RIP3 through the RHIM, and the RHIM-containing viral protein M45 from Murine
cytomegalovirus is able to abolish this interaction. The involvement of the RIP
kinases in this intracellular pathway mirrors TRIF-dependent activation of NF-jB
downstream of TLR3 (Rebsamen et al. 2009; Kaiser et al. 2008). However, it was
later shown that DAI is not essential for the type I IFN response, as multiple
immune cell types derived from DAI knockout mice had no deficiency in either
IFN-b or IL-6 production upon B-DNA stimulation (Ishii et al. 2008).

3.3 NF-jB Activation Downstream of Cytoplasmic Receptors

As previously noted, Toll-like receptor-mediated production of NF-jB involves
activation of TAK1 and the IKK complex by TRAF6. TRAF6 is also essential in
for NF-jB activation by Sendai virus and NDV in MEF cells, but instead forms a
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complex with TANK, TBK1, IKK-I, and IRF7. TRAF6 deficient MEFs also are
defective in the production of IFN-a, IFN-b, and IL-6 when stimulated with
B-DNA (Konno et al. 2009).

3.4 Nod-Like Receptors

Another major class of PRRs is the nod-like receptors (NLRs), cytosolic proteins
which are able to mount a response against invading bacteria. NLRs are composed
of an N-terminal effector domain, commonly a Pyrin domain (PYD) or caspase
recruitment domain (CARD) domain, as well as a nucleotide binding domain
(NBD) and C-terminal LRRs. The NLRs NOD1 and NOD2 specifically recognize
peptidoglycan fragments contained in a bacterial cell wall. Like TLRs, these two
receptors activate MAPK proteins as well as NF-jB and NF-jB-responsive genes
IL-18 and IL-1b, key events in the production of an inflammatory response
(Creagh and O’Neill 2006). Once an NLR is activated, it self-associates and
oligomerizes through the NBD, leading to recruitment of RIP (receptor interacting
protein)2 via a homophilic CARD-CARD interaction (Bertin et al. 1999; Ogura
et al. 2001). RIP2 interacts directly with NEMO, promoting its ubiquitination and
leading to activation of the catalytic IKK complex (Inohara et al. 2000; Abbott
et al. 2004). NOD1 and NOD2 activate overlapping gene programs to those
activated by TLRs and it is hypothesized this may promote a stronger antibacterial
innate immune response (Franchi et al. 2009).

4 Viral Modulation of NF-jB Activity

While NF-jB can play a central role in promoting host cell immunity, NF-jB
pathways are also routinely hijacked by pathogens to their own advantage. Viruses
are able to block NF-jB to regulate the innate response or in order to induce
apoptosis to promote the release and spread of viral progeny. However, viruses
also frequently activate NF-jB to enhance cell survival and block apoptosis to
further viral replication. Finally, a number of viruses benefit from direct or indirect
NF-jB activation as they possess NF-jB binding sequences in their genome. Here,
we will discuss some specific examples of how viruses modulate cellular NF-jB
pathways during the course of an infection.

4.1 Viral Genomes Containing NF-jB Elements

There are a number of viruses which contain NF-jB response elements in their
genomes, thus co-opting the activation of NF-jB to their own advantage
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(Hiscott et al. 2006). Human immunodeficiency virus-1 (HIV-1) was found to
contain two consensus NF-jB binding sites in the enhancer region which are
necessary for viral transcription from the HIV-1 long terminal repeat (LTR)
(Nabel and Baltimore 1987). Induction of NF-jB is also required for activation
of latent HIV-1 in T cells, specifically by binding of p65 to the LTR and
subsequent Pol II recruitment (Williams et al. 2007). Correlated with this role
for NF-jB, myeloid cells infected with HIV-1 demonstrate constitutive acti-
vation of the IKK complex. If NF-jB signaling is blocked at the level of IjBa,
viral RNA levels decrease and HIV-1 multiplication is drastically inhibited
(Kwon et al. 1998). While HIV-1 may benefit in this instance from host cell
signaling pathways, there are a number of viral-dependent mechanisms of
NF-jB activation. These include the HIV-1 envelope protein gp120 binding to
the CD4 receptor, or induction through the regulatory protein Tat (Hiscott et al.
2001).

Herpes simplex virus-1 (HSV-1) also contains NF-jB binding sequences in
the ICP0 gene region, a key intermediate-early gene in viral replication (Rong
et al. 1992). HSV-1 causes persistent nuclear translocation of NF-jB, which is
accompanied by a decrease in levels of IjBa and IjBb (Patel et al. 1998). An
active HSV-1 infection is able to redirect nuclear NF-jB from the IjBa gene to
consensus sequences in the ICP0 promoter, leading to several hours of sustained
transcription of ICP0. Consequently, if virus-induced NF-jB activation is
blocked by an IKK inhibitor or a constitutive repressor form of IjBa, there is a
significant decrease in viral RNA production as well as HSV-1 replication (Patel
et al. 1998; Amici et al. 2006). Thus, the activation of NF-jB can be a critical
step for the viral life cycle, particularly when viral gene expression is NF-jB
dependent.

4.2 Modulation of Apoptotic Pathways

A host cell can induce apoptosis upon infection to curb viral replication and slow
the spread of viral growth. NF-jB is vital in this process, as it is able to trans-
criptionally activate a number of anti-apoptotic factors such as the inhibitor of
apoptosis (IAP) genes as well as Bcl-2 and Bcl-X. These NF-jB signaling path-
ways can be altered during the course of an infection by interaction with viral
proteins, sometimes benefiting viral replication and other times the host innate
immune response (reviewed in Roulston et al. 1999). The single-stranded RNA
Coxsackie virus has a protease 3Cpro which cleaves IjBa to create a nuclear IjBa
fragment able to bind to NF-jB and block its downstream gene activation. The
resulting increase in apoptosis also leads to a decrease in viral replication, bene-
ficial to the infected host cell (Zaragoza et al. 2006).
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4.3 Bi-Phasic Control of NF-jB During Viral Infection

A striking example of the interplay between viruses and NF-jB can be found in the
African swine flu virus (ASFV), a large double-stranded DNA virus which dif-
ferentially regulates NF-jB during the course of an infection. ASFV contains a
protein called A238L which is extremely homologous to the IjB proteins but lacks
the residues necessary for phosphorylation by IKK and subsequent degradation,
thus blocking NF-jB release into the nucleus (Tait et al. 2000). This viral
mechanism may be essential in subverting the initial host IFN response. However,
in later stages of infection, the IKK-activating late protein A244L is expressed,
turning on NF-jB transcriptional activity. A244L is also an IAP-like protein with
anti-apoptotic functions, which can further allow for viral replication (Rodríguez
et al. 2002). This bi-phasic model of NF-jB control allows the virus to utilize the
cellular machinery to gain advantages in carrying out its life cycle and producing
viral progeny.

5 NF-jB: Transcriptional Regulation and Gene Targets
in the Innate Response

NF-jB acts as a critical mediator of inflammatory responses by directing a tran-
scriptional program of gene expression that leads to the production of anti-
microbial effector molecules and factors that promote the recruitment and survival
of leukocytes in the inflammatory milieu. Importantly, this transcriptional profile
differs depending on the inducing stimuli as well as the cell type mediating the
response. In this section, we discuss the molecular mechanisms by which cells in
the innate immune system utilize NF-jB to generate and regulate transcriptional
gene programs to generate an appropriate inflammatory response.

5.1 Induction of PAMP-Specific Cytokines and Chemokines

Stimulation of distinct TLRs exhibits differential cellular responses in various cell
types of the innate immune system. TLR function is dictated primarily by ligand
specificity, engagement of specific cellular adaptors and finally, activation of
differential subsets of transcription factors. Transcriptional specificity is achieved
via combinatorial control of signaling pathways. Coordinated signaling events
allow for the coincidence of multiple transcription factors on target promoters,
which then serve as a platform for dynamic regulation of transcription activation.
The result is the induction of distinct gene expression profiles that can be char-
acterized by three major attributes: identity of the genes induced, the potency of
induction, and the temporal regulation of induction.

NF-jB and Innate Immunity 125



 101	  

In fact, to some degree one can infer specific PAMP stimulation based on the
pattern of cytokine and chemokine expression (Ramirez-Carrozzi et al. 2009). We
can reconcile the selectivity of specific gene targets in the inflammatory response
through an understanding of the signaling modules that generate the response and
characterization of the promoter architecture that regulates gene expression. Below
we discuss three major aspects of gene regulation that define the functional
specificity of NF-jB targets.

5.1.1 NF-jB Sequence Diversity and Dimerization

NF-jB, similar to other transcription factor families, recognizes DNA binding
sites that are widely dispersed throughout the genome. Studies using a systematic
panel of single and double NF-jB gene knockouts have confirmed hundreds of
NF-jB target genes, and as high throughput technologies become refined, it is
becoming more evident that the vast majority of the inflammatory gene expression
program is NF-jB dependent (Hoffmann et al. 2003; Hoffmann and Baltimore
2006). Interestingly, while NF-jB site sequences are diverse, the different dimers
have broad sequence recognition that largely overlap (Ghosh and Hayden 2008).
Still, it remains apparent that individual NF-jB dimers often fulfill distinct
physiological roles. For instance, while p65/RelA is expressed ubiquitously,
expression of c-Rel is limited to monocytic and lymphocytic lineages (Liou et al.
1994). The functional consequence is demonstrated in the regulation of IL-12/p40
which is dependent on c-Rel but not p65 (Sanjabi et al. 2000).

5.1.2 Stimulus Specific Gene Expression via NF-jB Dynamic Control

Though many receptor modules of the innate immune system utilize similar com-
ponents and activate common downstream transcriptional activators including
NF-jB, AP-1, and C/EBP, they do so with disparate amplifying power. For instance,
canonical IKK proteins can be activated by members of the TLR and TNF-R1
superfamilies. Remarkably, cell stimulation by LPS or TNF to activate TLR4 and
TNF-R1, respectively, produces characteristically distinct IKK induction profiles
independent of stimulus concentration (Werner et al. 2005; Cheong et al. 2006).

While the exact mechanisms responsible for stimulus specific IKK activity is not
known, initial studies suggest differential feedback mechanisms modulate IKK
activity over time. TNF-induced IKK is subject to negative regulation by A20,
whereas LPS-induced IKK is amplified by a feed-forward autocrine TNF loop (Lee
et al. 2000; Werner et al. 2005). Importantly, feedback mechanisms on IKK activity
differentially alter NF-jB activation and result in distinct transcriptional profiles.

Stimulus specific gene expression is also subject to desensitization of immune
cells to subsequent agonist treatment in a phenomenon known as ‘‘endotoxin tol-
erance.’’ One of the main characteristics of LPS tolerance is a change in the pattern
of inflammatory gene expression in cells of myeloid lineage when the response to
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one or two sequential LPS exposures are compared (Henricson et al. 1991). For
example, re-stimulation of monocytes and macrophages previously exposed to LPS
fails to elicit TNF-a, IL-1b, IL-6, IL-12, and Jun B gene expression although other
genes including IL-10 and TNFRII are expressed at normal or elevated levels
(Dobrovolskaia and Vogel 2002). While disruption of major signaling components
leading to NF-jB activation and translocation are observed in LPS-pretreated
macrophages, including IRAK-1 and IjBa, a global suppression of all LPS
response genes is not observed. Instead, there appears to be locus specific control
that leads to diametric suppression and over-expression of certain gene sets.

5.1.3 Temporal Recruitment of NF-jB Members

Generation of the inflammatory response relies on a shared subset of transcription
factors recruited to the promoters of inflammatory cytokines. Most prominent are
NF-jB, AP-1, and C/EBP family members. Although the induction of pro-
inflammatory genes is accelerated in response to microbial infection, there is still a
level of temporal regulation.

Before most transcriptional activator factors access their binding sites, DNA
transitions from a condensed to a decondensed chromatin structure. The activation
of transcription is preceded by the remodeling of specific nucleosomes. As a major
determinant of cell identity and cell memory, chromatin structure is a particularly
significant contributor to gene regulation, in that it serves to mark genes that are
expressed constitutively versus those that are poised for expression upon exposure
to a stimulus.

However, even groups of genes that exhibit inducible expression are subject to
diverse kinetic and temporal regulation. For instance, upon LPS stimulation, NFjB
is rapidly recruited to the CXCL2 and TNFa promoters, whereas the IL-6, CCL5,
and CCL2 promoters display delayed NFjB association (Ramirez-Carrozzi et al.
2006).

Accessibility of NFjB to its target sequences is dependent on the chromatin
architecture of the enhancer regions and promoters that regulate gene expression.
As a result we can define classes of inflammatory genes as primary or secondary
response genes based on the kinetics of their expression. Interestingly, catego-
rizing gene subsets in this manner correlates with requirements for locus specific
recruitment of ATP-dependent nucleosome remodeling complexes, such as SWI/
SNF. IL-6, CCL5, CCL2, and other secondary response genes are dependent on
SWI/SNF recruitment and enzymatic activity, whereas CXCL2 and TNFa
expression are not (Ramirez-Carrozzi et al. 2006). It has been proposed that SWI/
SNF is required to establish accessibility and maintenance of transcription pro-
moting chromatin structure in macrophages.

Furthermore, many secondary response genes require the de novo synthesis of
transcription factors induced rapidly as part of the primary response gene set. For
instance, LPS induces IjBf, which is essential for the induction of IL-12/p40 and
IL-6, but not for the induction of primary response gene TNF (Yamamoto et al.
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2004). Interestingly, the regulation of innate response genes can differ depending
on cell type. For example, IL-6 displays a secondary response gene expression
profile in macrophages, but a primary response profile in fibroblasts in response to
LPS (Kishimoto 2006).

5.2 NF-jB Regulation of Specific Genes

Transcriptional specificity is achieved via combinatorial control of signaling
pathways. Though the heterogeneity of gene induction precludes generalization of
inducible gene expression, a number of transcriptional systems have been studied
that provide a model for the types of molecular events regulating the activation
of inflammatory cytokines in the innate immune system. Below we discuss two
prominently studied genes, the IFN-b enhanceosome that regulates the expression
of IFN-b, a critical mediator of anti-viral response and the IL-12b/p40 locus which
is involved in initiating the type I helper T cell (Th1) response.

5.2.1 Regulation of the IFN-b Enhanceosome

Cis-regulatory DNA sequences, such as promoters and enhancers, integrate and
process regulatory circuits created by complex signaling pathways. Many cis-
regulatory elements contain multiple binding sites for distinct transcription factors
that co-assemble into higher order multi-factorial complexes on the enhancer
DNA. Fully assembled enhancer complexes, or enhanceosomes, modify the local
chromatin architecture and recruit the RNA Polymerase II machinery to the pro-
moter to initiate transcription of the target gene.

One of the best characterized higher eukaryotic enhancers is that of the
Interferon-b (IFN-b) gene. Expression of the IFNb gene requires the coordinate
activation and direct contact of three dimeric transcription factor families: ATF-
2/c-Jun, IRF-3/IRF-7, NF-jB, and the architectural protein HMGA1 to a 55 base
pair region, termed the enhancer, immediately upstream of the transcription
initiation site of the IFN-b promoter (Thanos and Maniatis 1995; Merika and
Thanos 2001). The IFNb enhancer operates as a platform for the coordinate
recruitment and assembly of the aforementioned activator transcription factors
into a highly stable protein complex, named the enhanceosome (Kim and
Maniatis 1997; Munshi et al. 1999).

Following assembly, the enhanceosome directs the modification and reposi-
tioning of nucleosomes on the IFN-b promoter that sterically block the formation
of a transcriptional pre-initiation complex on the IFN-b promoter. Importantly, the
expression of IFN-b is dependent on the coincident presence of all required
transcription factors on the enhancer. That is, individual factors do not activate
IFN-b gene expression by themselves, and failure to mobilize any one of the
factors abrogates IFN-b transcription entirely (Kim and Maniatis 1997; Munshi
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et al. 1999). Thus, the enhanceosome functions as a single regulatory unit in which
the enhancer forms a composite binding module of overlapping cis elements.

Though the enhanceosome functions as a single composite integrative unit, it
can be divided into four structural positive regulatory domains (PRD I-IV)
characterized by specific overlapping protein interaction motifs. The enhancer
region spans a nucleosome-free interval from -102 to -47 relative to the
transcription start site. Virus infection leads to the activation of ATF-2/c-Jun,
IRF-3/7, and NF-jB and their binding to the nucleosome-free enhancer. Struc-
tural mapping of three sets of overlapping crystal structures reveal ATF-2/c
-Jun complexed with two IRF-3 molecules on the PRDIII-IV regions of the
enhancer, while NF-jB complexes with IRF-7 and IRF-3 across PRDI-II (Panne
et al. 2004; Panne et al. 2007). The structure shows that this combinatorial
specificity is encoded not just in the various binding sites but also in their
overlap and in their positions with respect to each other. HMGA1, while required
for enhanceosome assembly, is not present in the functional enhanceosome
complex, suggesting a role as a scaffolding protein or molecular chaperone
(Panne et al. 2007).

Unlike ATF-2/c-Jun or the two IRF dimers, NF-jB binds a 12 bp site that does
not overlap with its neighbors. In vivo studies suggest that a p50:p65 heterodimer
predominately constitutes the NF-jB component of the enhanceosome complex,
but that other NF-jB dimer combinations can exist (Ghosh et al. 1995; Berkowitz
et al. 2002; Escalante et al. 2002). In theory, the inclusion of differential NF-jB
components in the enhanceosome can contribute to allosteric conformational
changes that can modulate or fine-tune IFN-b expression, but that possibility has
not been studied in extensive detail as of yet.

Thus, cooperative binding and major contributions from the architectural
activities of HMGA1, elicits the formation of a highly stable enhanceosome
complex. Two nucleosomes flank the IFN-b enhancer, including a highly posi-
tioned nucleosome that masks a downstream TATA box required for the recruit-
ment of basal transcription factors, such as TATA-binding protein (TBP) and
transcription factor IID (TFIID), necessary for the formation of the transcription
pre-initiation complex and activation of RNA Polymerase II. Remodeling of the
two flanking nucleosomes is mediated by the sequential recruitment and activation
of CBP/p300 and GCN5, both of which possess histone acetyl-transferase (HAT)
activity. CBP/p300 is recruited to the interface of the IFN-b enhanceosome
complex and makes contacts with all four transcription factor dimers, which may
explain why IFN-b expression only occurs when all enhanceosome components
are assembled on the enhancer in the correct conformation. Acetylation of the
flanking histones recruits the ATP-dependent nucleosome remodeling complex
SWI/SNF, which displaces the nucleosome from the proximal IFN-b promoter
(Agalioti et al. 2000). After remodeling, the pre-initiation complex gains access to
the IFN-b promoter via the recruitment of TFIID, which contains TBP, allowing
for stability of the RNA Polymerase II holoenzyme and subsequent transcription
initiation (Agalioti et al. 2000).
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5.2.2 Regulation of the Interleukin 12 p40 Locus

Interleukin 12 (IL-12) is a heterodimeric cytokine secreted by macrophages and
other antigen presenting cells upon microbial infection that serves to stimulate the
development of the Th1 response. As a result, IL-12 serves as a bridge between the
innate and adaptive immune response and consequently its activity and regulation
has been studied quite extensively.

IL-12 (p70) comprises a heterodimer of p35 and p40, each of which is
regulated in distinct fashions. The p35 subunit is expressed ubiquitously and is
regulated primarily at the post-transcriptional level (Kelly and Locksley 2000).
In contrast, the p40 gene is regulated at the transcriptional level and is highly
inducible by microbial products. The production of IL-12 is induced via two
different mechanism. First, innate immune cells, exposed to microorganisms or
microbial products, such as Listeria monocytogenes or LPS stimulation, gen-
erate IL-12. IL-12 can also be produced upon the engagement of CD40 stim-
ulation during T lymphocyte-antigen-presenting cell interactions (Ellwood et al.
1998).

Within the innate immune system, IL-12p40 expression is regulated by both
positive and negative signaling cascades. IL-12p40 is induced by IFN-c, TNFa,
GM-CSF as well as stimulation via TLRs (Weintraub and Groudine 1976; Hebbes
et al. 1994; Schübeler et al. 2000). Constitutive activation of IL-12 is associated
with a number of auto-immune diseases, and so a number of negative regulators of
IL-12 exist, including IL-10, IL-4, IL-11, IL-13, transforming growth factor-b, and
IFN-a/b (Wu et al. 1979; Takemoto et al. 1998; Agarwal and Rao 1998; Kubo
et al. 1997; Riggs and Pfeifer 1992).

Transcriptional regulation of IL-12p40 is best understood in the upon
engagement of TLR4 signaling via LPS stimulation (Kubo et al. 1997; Riggs and
Pfeifer 1992; Kim et al. 1999). TLR activation leads to both IKK activation as well
as p38 MAPK activity to activate downstream transcription factor targets
including NF-jB, AP-1, C/EBP, and IRF-1, all of which bind to the proximal
IL-12p40 promoter at distinct sites.

Activation of IL-12p40 differs mechanistically from IFN-b gene expression in a
number of ways. First, IL-12p40 induction has a specific requirement for c-Rel
containing NF-jB dimers. Subsequently, c-rel-/- mice exhibit defective IL-12p40
expression and this impairment cannot be rescued by ectopic expression of NF-jB
dimers containing p65 but not c-Rel. Also, IL-12p40 induction is limited primarily
to lymphoid tissues which specifically express the c-Rel subunit (Sanjabi et al.
2000).

In addition, while the expression of IFN-b features the coordinate assembly of
an enhanceosome directly upstream of the proximal promoter, induction of
IL-12p40 involves activation of a distal enhancer element located approximately
10 kb upstream of the IL-12p40 promoter. This region is specifically remodeled
upon TLR stimulation prior to the recruitment of NF-jB, AP-1, and C/EBP to the
IL-12p40 (Weinmann et al. 2001). While the specific events involved in remod-
eling this distal enhancer are not known, studies have shown that they occur in an

130 A. Dev et al.



 106	  

NF-jB-independent fashion and are required to provide accessibility DNA target
sites to transcription factors by initiating nucleosome remodeling at the proximal
promoter (Weinmann et al. 2001).

Importantly, IL-12p40 induction is contextual and modulated differentially with
respect to different stimuli. It follows that IL-12p40 expression can be synergis-
tically induced by TLR and IFN-c stimulation (Bell et al. 2001). Presumably this is
a result of both the increased potency of signaling as well as differential combi-
nations of transcription factors recruited to the promoter.

6 Negative Regulation of NF-jB

Overall, the mechanisms underlying transcriptional termination of the NF-jB
response are poorly understood compared to our understanding of the regulatory
mechanisms that lead to its activation. Still, it is apparent that NF-jB plays an
active role in the modulation of inflammatory response through a number of
feedback mechanisms.

6.1 Induction of IjB Family Members

IjB proteins function to sequester NF-jB dimers in the cytosol, preventing gene
target activation. IjB family members also represent potent targets of NF-jB
transcription that are immediately induced upon activation of inflammatory
pathways. Thus, de novo synthesis of IjB members in the cytosol acts as a
‘‘molecular sponge’’ to prevent sustained activation of NF-jB targets by pre-
venting further nuclear translocation of NF-jB dimers over time. Additionally,
p65/RelA and c-Rel bound to a promoter NF-jB element can be ubiquitinated and
degraded in an IKKa-dependent manner (Carmody and Chen 2007). IKKa also
negatively regulates c-Rel and RelA by accelerating promoter clearance of these
subunits at pro-inflammatory genes, possibly through a phosphorylation-dependent
mechanism (Lawrence et al. 2005).

6.2 Negative Regulators Upstream of the IKK Complex

There are a number of signaling components upstream of the IKK complex which
are also involved in dampening NF-jB-activating pathways. The kinase-deficient
IRAK molecule IRAK-M is able to block signal-induced association of IRAK1
and TRAF6, cutting off TLR-induced NF-jB. TOLLIP, another protein which
complexes with IRAK1 (Burns et al. 2000) as well as TLR2 and TLR4, inhibits
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IRAK1 phosphorylation and kinase activity by acting as a direct IRAK1 substrate
(Zhang and Ghosh 2002). SOCS1 (suppressor of cytokine signaling-1) acts
through a different mechanism, targeting the TLR2/4 adaptor Mal for polyubiq-
uitination and degradation. A deficiency in SOCS1 leads to a sustained increase in
p65 phosphorylation and transactivation, as well as expression of the pro-
inflammatory genes IL-6 and TNFa (Mansell et al. 2006).

A protein which has been found to downregulate NF-jB signaling downstream
of a number of different receptors is the LPS-induced ubiquitin modifying enzyme
A20. While originally found to limit TNF-induced NF-jB activation, A20 also
deubiquitinates TRAF6 and RIP1 and is necessary for the termination of NF-jB
activity and proinflammatory cytokine production downstream of TLRs (Boone
et al. 2004; Wertz et al. 2004). A20 similarly functions as a negative regulator in
the RIG-I pathway, blocking signaling to NF-jB and IRF3 (Lin et al. 2006).
Finally, A20 inhibits RIP2 ubiquitination and NF-jB activation downstream of
NOD1 and NOD2 (Hasegawa et al. 2008; Hitotsumatsu et al. 2008).

6.3 Induction of Anti-Inflammatory Cytokines

Interleukin 10 (IL-10) is a potent anti-inflammatory cytokine that suppresses
the induction of pro-inflammatory cytokine genes, including IL12p40. IL-10 is
secreted primarily by activated macrophages and T cells and its impaired
expression is associated with the development of a number of auto-immune dis-
eases including Crohn’s disease, rheumatoid arthritis, and multiple sclerosis.
Importantly, IL-10 is induced in part through an NF-jB-dependent pathway,
although the mechanisms are not known (Wessells et al. 2004). Logically, IL-10
production is under temporal control, usually occurring subsequent to the induc-
tion of primary NF-jB inflammatory targets.

6.4 NF-jB Induced Tolerance

Tolerance refers to the phenomenon by which prior exposure to a specific inflam-
matory insult leads a reduced inflammatory response to subsequent challenge of the
same stimulus. It represents one way by which host response prevents excessive
inflammation and endotoxin shock (Beeson 1947). Tolerance is normally attributed
to decreased receptor sensitivity and attenuation of signaling cascades. NF-jB can
play a major role in dampening response by the accumulation of p50 containing
dimers on transcriptional targets. These dimers lack a transactivation domain (TAD)
and are unable to direct gene transcription. Alternatively, in some cases, RelB can
act as a transcriptional repressor in LPS-induced tolerance. RelB is induced by LPS
at later timepoints and can act to specifically suppress pro-inflammatory cytokines
like IL-1 and TNF (Saccani et al. 2003; El Gazzar et al. 2007).
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7 Physiological Roles of NF-jB in Innate Immunity

Determining the precise physiological role of NF-jB in innate host defense is
challenging given the multifarious functions these transcription factors play in
multiple tissues. Therefore, while a large number of studies have shown that
deficiency of particular NF-jB subunits results in increased or decreased sus-
ceptibility to a variety of pathogens, it has been difficult to dissect whether the
cause was due to defects in immune cell development, immune organ develop-
ment, innate or adaptive cell functionality, or cell survival. These challenges lie on
top of the fact that our understanding of how infections are ultimately controlled
on an organismal scale is still developing. In the section below, we review studies
where mice deficient in particular subunits of NF-jB have been challenged with
bacterial or viral infection and defects in innate host defense have been observed.

7.1 RelA (rela)

As RelA-deficient mice are embryonic lethal at day 14, the physiological role of
RelA in innate host defense has been addressed through the use of chimeric mice
and in vivo administration of antisense oligonucleotides or adenoviral vectors prior
to infection (Doi et al. 1997). Adoptive transfer of rela-/- fetal liver cells into
lethally irradiated hosts results in dramatically increased susceptibility to Leish-
mania major (Mise-Omata et al. 2009). While no differences are observed between
rela-/- and rela-++ chimeric mice in the T-cell response to Leishmania infection,
macrophages from rela-/- chimeras display reduced expression of NOS2 and Fas
in response to infection and in vivo expression of these genes is also reduced.
Overexpression of RelA using intratracheal injection of adenoviral vectors results
in reduced pulmonary load of Pseudomonas aeruginosa in wildtype mice (Sadikot
et al. 2006). However, no increased resistance with RelA-overexpression is
observed in tnfa-/- mice, suggesting that RelA-induced synthesis of TNF-a is
responsible for this phenomenon. Finally, gastric administration of antisense oli-
gonucleotides targeting RelA results in reduced production of TNF-a and IL-1b in
gastric tissues in response to Helicobacter pylori infection in the absence of any
major histopathological changes (Kim et al. 2005).

7.2 RelB (relb)

Unlike RelA, RelB-deficient mice live to adulthood; however, they display his-
topathological abnormalities in a number of immune tissues and inflammatory
changes in several organs (Weih et al. 1995). Relb-/- mice are highly susceptible
to in vivo Listeria monocytogenes infection yet recruitment of neutrophils to sites
of infection is not affected, neither is the phagocytic ability or NO production of
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relb-/- macrophages reduced (Weih et al.1997). However, macrophages from
relb-/- mice show a reduced ability to express TNFa in reponse to in vitro
treatment with LPS or IFN-c and relb-/- neutrophils show defects in phagocytic
ability. In addition to Listeria, RelB-deficient mice have also been shown to be
significantly more susceptible to Toxoplasma gondii infection which was associ-
ated with a severe defect in IFN-c production from splenocytes which was thought
to result in reduced natural killer cell function (Caamaño et al. 1999). Although
these deficiencies correlate with increased susceptibility to these infectious agents,
further studies will have to be done to demonstrate that they are the cause of
reduced resistance seen in relb-/- animals.

7.3 c-Rel (rel)

Rel-deficient mice develop to adulthood and display significant susceptibility to
Leishmania major infection (Grigoriadis et al. 1996). Interestingly, while
development and migration of rel-/- macrophages are completely normal,
resident but not elicited rel-/- peritoneal macrophages have a significant defect
in the cytotoxic activity. This defect is associated with a deficiency in iNOS
induction and subsequent NO2

- production by resident but not elicited rel-/-

peritoneal macrophages. Furthermore, TNFa production is defective in both
resident and elicited rel-/- peritoneal macrophages upon in vitro infection with
Listeria monocytogenes (Mason et al. 2002). Rel-deficient macrophages also
show a defect in IL-12 production in response to infection with Corynebacte-
rium parvum; however, this deficiency does not exist when macrophages are
stimulated with Toxoplasma gondii and rel-/- mice do not show any increased
susceptibility to this pathogen (Mason et al. 2002). Rel also appears to play an
important role in the inflammatory response to infection as rel-/- mice on a
RAG background develop significantly more colitis than RAG mice when
infected with Helicobacter hepaticus (Wang et al. 2008). Finally, although Rel-
deficient mice display a slight delay in clearance of influenza infection, this has
been associated with defects in the adaptive immune response to the virus
(Harling-McNabb et al. 1999).

7.4 p50/p105 (NF-jB1)

The absence of the p50 NF-jB subunit has been most extensively studied in the
context of innate host defense. Mice deficient in p50 have significant difficulty
controlling acute infections with the intracellular bacterium L. monocytogenes and
the gram positive pathogen S. pneumoniae, resulting in greater bacterial titer and a
wider systemic distribution of bacteria (Sha et al. 1995). As the authors found
normal numbers of phagocytes which displayed unaltered phagocytic activity, they
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concluded that the increased bacterial susceptibility is likely due to defective
cytokine-mediated activation of the phagocytes. This study also found that p50-/-

mice display no differences in susceptibility to the gram-negative bacteria E. coli
K1 or H. Influenzae, possibly because sufficient NF-jB-independent host defenses
were triggered by LPS to control the infections. In contrast, later studies dem-
onstrated the importance of p50 for control of the natural gram-negative murine
gastrointestinal pathogen Citrobacter rodentium (Dennis et al. 2008). In this
model, the time and extent of Citrobacter colonization is markedly increased in
p50-/- mice as compared to wildtype mice. Although levels of major inflamma-
tory cytokines are equivalent between wildtype and p50-deficient mice, a signif-
icant defect in leukocyte recruitment to the site of the infection is observed in
p50-/- mice (Dennis et al. 2008). Finally, using a more specific gene knockout
approach, Ishikawa and colleagues specifically deleted the c-terminus of p105,
leaving only the p50 subunit intact (Ishikawa et al. 1998). Interestingly, these mice
are highly susceptible to opportunistic bacterial infections which may be due to the
reduced cytokine production from macrophages. Taken together, these studies
demonstrate the critical importance of p50 in host defense against a variety of
different bacteria.

The role of p50 in the control of viral infections has also been studied to some
extent. Sha et al. first reported that p50-/- mice display increased resistance to
infection with the picornavirus Encephalomyocarditis virus (EMCV) possibly due
to increased production of IFN-b(12). However, a later study suggested that the
increased resistance of p50-/- mice is not IFNAR-dependent and instead is likely
due to rapid infection-induced apoptosis of p50-/- cells thus precluding viral
release (Schwarz et al. 1998). In contrast, a role for p50 in control of in vivo viral
replication through modulation of IFN production has been demonstrated for
reovirus. Although reovirus replication is not affected by the absence of p50 in
most organs, the hearts of p50-/- mice have significantly higher viral titers
resulting in substantially greater cardiac pathology (O’Donnell et al. 2005). This
heart-specific defect in control of reovirus in p50-/- mice is associated with
significantly reduced levels of cardiac IFN-b induction and the myocarditis
observed in p50-deficient animals can be corrected with treatment of exogenous
IFN-b.

Table 1 Increased pathogen susceptibility in NF-jB knockout mice
NF-jB subunit Organism

RelA H. pylori, P. aeruginosa, L. major
RelB L. monocytogenes, T. gondii, LCMV
c-Rel L. major, H. hepaticus, T. gondii, Influenza
p50/p105 L. monocytogenes, S. pneumoniae, E. coli, H. Influenzae, C. rodentium,

M. Tuberculosis, Encephalomyocarditis Virus, Reovirus, H5N1
p52/p100 L. major, T. gondii, Influenza
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7.5 p52/p100 (NF-jB2)

Investigations into the role of p52/p100 in innate host defense have been quite
limited possibly because the major phenotypes of p100-/- mice largely concern
the adaptive immune system such as lymphoid organ microarchitecture and
lymphocyte maintenance. However, when Speirs and colleagues used a Leish-
mania major infection model, they found the increased susceptibility of p100-
deficient mice to this pathogen is not due to an intrinsic T-cell defects but rather
due to decreased IL-12 production by p100-/- macrophages (Speirs et al. 2002).
This was most likely a result of the critical role of p52/p100 in transmitting
signaling through CD40-receptor on macrophages which is required for IL-12
transactivation. Although p52/p100 knockout mice have been observed during a
number of different infections, any deficiencies in host defense have been attrib-
uted to defects in adaptive immunity (Franzoso et al. 1998; Caamaño et al. 2000).

In addition to genetic deficiency of NF-jB transcription factors, NF-jB activity
of multiple dimers can also be generically inhibited through transgenic over-
expression of a degradation-resistant mutant of IjB. When this has been done in
the liver, mice are rendered highly susceptible to Listeria monocytogenes infection
possibly through defective induction of protective cytokines (Lavon et al. 2000).
Determining the precise role that NF-jB plays has been difficult given the com-
plexity of how infections are cleared and the diverse roles that NF-jB subunits
play in immune function and cell survival. However, taken together, all of these
studies clearly demonstrate the important role of NF-jB in innate host defense
against bacterial and viral pathogens (see Table 1).

8 Conclusion

Significant advances have been made in delineating the role of the NF-jB family
of transcription factors in regulating inflammation and the innate immune
response. Activation of NF-jB is essential for production of the antiviral cytokine
IFN-b, as well as an inflammatory response which leads to the recruitment and
activation of immune effector cells. Numerous pathogens hijack cellular NF-jB
proteins to suppress innate immune responses and modulate apoptotic pathways to
their own benefit. Many specific regulatory mechanisms have been identified, but
it is clear that there are a number of undiscovered instances of pathogen-mediated
modulation of the NF-jB pathway, which should continue to be examined in both
in vitro and in vivo infection models. While in vivo models of mice lacking NF-jB
subunits generally exhibit defects in pathogen clearance, the mechanism leading to
this impaired host defense is not always clear given the complexity of the immune
response and diversity of immunological systems involved. Studies have histori-
cally focused on the role of NF-jB in hematopoetic cells in orchestrating the
innate and adaptive host immune response. However, it is becoming increasingly
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clear that NF-jB activation in epithelial cells which encounter pathogens is also
critically important (Lavon et al. 2000; Zaph et al. 2007; Nenci et al. 2007). Future
studies of NF-jB and related signaling components in specific cell types will help
dissect their roles in the development of successful immune responses against a
wide array of pathogen infections.
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Polyinosinic-Polycytidylic Acid Suppresses
Acetaminophen-Induced Hepatotoxicity Independent

of Type I Interferons and Toll-Like Receptor 3
Amir A. Ghaffari,1* Edward K. Chow,2* Shankar S. Iyer,2 Jane C. Deng,3 and Genhong Cheng1,2

Viral infections are often linked to altered drug metabolism in patients; however, the
underlying molecular mechanisms remain unclear. Here we describe a mechanism by
which activation of antiviral responses by the synthetic double-stranded RNA ligand, poly-
inosinic-polycytidylic acid (polyI:C), leads to decreased acetaminophen (APAP) metabo-
lism and hepatotoxicity. PolyI:C administration down-regulates expression of retinoic X
receptor-a (RXRa) as well as its heterodimeric partner pregnane X receptor (PXR) in mice.
This down-regulation results in suppression of downstream cytochrome P450 enzymes
involved in conversion of APAP to its toxic metabolite. Although the effects of polyI:C on
drug metabolism are often attributed to interferon production, we report that polyI:C can
decrease APAP metabolism in the absence of the type I interferon receptor. Furthermore,
we demonstrate that polyI:C can attenuate APAP metabolism through both its membrane-
bound receptor, Toll-like receptor 3 (TLR3), as well as cytoplasmic receptors. Conclusion:
This is the first study to illustrate that in vivo administration of polyI:C affects drug me-
tabolism independent of type I interferon production or in the absence of TLR3 through
crosstalk between nuclear receptors and antiviral responses. (HEPATOLOGY 2011;53:2042-
2052)

Altered states of drug metabolism were first
noticed by physicians over 30 years ago when
virally infected patients would exhibit new or

pronounced adverse reactions to pharmacologic
agents.1 Such perturbations in drug metabolism have
been linked to the effects of infections or inflamma-
tory stimuli on altering the activities and expression of
various hepatic cytochrome P450 (CYP) enzymes.2,3

CYPs are responsible for pharmacological activation or
inactivation of many drugs as well as their clearance
from the circulation.4 In light of the considerable pro-
gress in our understanding of host antiviral innate

immune responses and pathways during the last dec-
ade, it is surprising that little recent research has been
conducted on the mechanisms by which CYP enzymes
are modulated during viral infections.
Hepatic CYPs have been shown to be affected differ-

ently in response to various inflammatory stimuli.4

This selectivity is important clinically and implies the
existence of multiple mechanisms for CYP regulation.
We previously demonstrated a novel mechanism by
which viral infection leads to transcriptional down-reg-
ulation of nuclear hormone receptor retinoid X recep-
tor a (RXRa) and its downstream CYP enzymes

Abbreviations: ALT, alanine transaminase; APAP, acetaminophen; ASA, aspirin; CAR, constitutive androstane receptor; CYP, cytochrome P450; IFN, Type I
interferon; IFNAR, Type I interferon receptor-1; IL-1, interleukin-1; MDA5, melanoma-differentiation-associated gene 5; NAPQI, N-acetyl-p-benzoquinone
imine; PCN, pregnenolone 16a-carbonitrile; PolyI:C, polyinosinic-polycytidylic acid; PXR, pregnane X receptor; RIG-I, retinoic acid-inducible gene-I; RXR a,
retinoid X receptor a; SXR, steroid xenobiotic receptor; TNF-a, tumor necrosis factor a; TLR3, Toll-like receptor 3; VSV, vesicular stomatitis virus.
From the 1Department of Microbiology, Immunology and Molecular Genetics, University of California, Los Angeles, CA; 2Molecular Biology Institute, University of

California, Los Angeles, CA; 3Division of Pulmonary and Critical Care Medicine, David Geffen School of Medicine, University of California, Los Angeles, CA.
Received August 16, 2010; accepted March 15, 2011.
A.A. Ghaffari was supported by Microbial Pathogenesis Training Grant T32-AI07323. E.K. Chow was supported by the Ruth L. Kirschstein National Research

Award GM07185. Part of this work was also supported by National Institutes of Health research grants R01 AI078389, AI056154, and AI069120.
*These authors contributed equally to this work.
Address reprint requests to: Genhong Cheng, Ph.D., Professor, Department of Microbiology, Immunology & Molecular Genetics, University of California Los

Angeles, 615 Charles Young Dr S., 210A BSRB, Los Angeles, CA 90095. E-mail: gcheng@mednet.ucla.edu; fax: (310) 206-3865.
CopyrightVC 2011 by the American Association for the Study of Liver Diseases.
View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep.24316
Potential conflict of interest: Nothing to report.
Additional Supporting Information may be found in the online version of this article.

2042



 121	  

 
  

required for aspirin (ASA) metabolism.5 Our results
provided an explanation for how ASA consumption
can cause Reye’s syndrome, a condition where children
with viral infections develop hepatotoxicity and neuro-
logical side effects.6 Given these adverse effects of ASA
in patients with viral infections, acetaminophen
(APAP) is often the first line of therapy to manage
pain in children.7 In this study we evaluate the effects
of crosstalk between nuclear hormone receptors and
antiviral pathways on metabolism and toxicity of APAP.
APAP-induced toxicity is the leading cause of acute

hepatic failure in the United States and many other
developed countries worldwide.8 APAP is metabolized
by CYP family members CYP1A2, CYP2E1, and
CYP3A11 (murine homolog of human CYP3A4) into
N-acetyl-p-benzoquinone-imine (NAPQI) in mice.9,10

NAPQI is a highly reactive intermediate that is nor-
mally conjugated to glutathione by glutathione S-trans-
ferase enzymes in order to become more excretable.11

Accumulation of NAPQI causes cell death and toxicity
through covalent binding to cysteine groups on pro-
teins and formation of APAP-protein adducts. The
generation of these APAP-protein adducts has been
correlated with hepatotoxicity through oxidation of
NAPQI-conjugated proteins.12

Among the CYP enzymes involved in NAPQI gen-
eration, CYP3A isoforms and CYP1A2 are subject to
regulation by nuclear hormone receptors.13 Nuclear
hormone receptors are transcription factors that are
activated by a wide range of molecules, such as lipids,
cholesterols, bile acids, and xenobiotics. RXRa is an
important nuclear hormone receptor and acts as a het-
erodimer with other nuclear hormone receptors such
as pregnane X receptor (PXR) and constitutive andro-
stane receptor (CAR).14 RXR/PXR heterodimer is an
important regulator of CYP3A isoforms; however, the
involvement of this complex in transcriptional regula-
tion of CYP1A2 is not well established. CYP1A2 is
mainly regulated by aryl hydrocarbon receptor; how-
ever, PXR-deficient mice and hepatocyte RXRa-defi-
cient mice express lower hepatic messenger RNA
(mRNA) levels of CYP1A2 and CYP3A11 compared
to wildtype mice, particularly after APAP administra-
tion.15-17 Consequently, these knockout mice are re-
sistant to APAP-induced hepatotoxicity.15,17 Thus, any
changes in the expression of these nuclear hormone
receptors in response to activation of antiviral path-
ways could potentially alter APAP-induced toxicity
through modulation of NAPQI generation.
Because viral infections can lead to significant

induction of type I interferons (IFN), many groups
have used IFN or IFN-inducing agents to study the

impact of activation of antiviral responses on drug me-
tabolism.18 One such agent is polyinosinic-polycyti-
dylic acid (polyI:C), a viral double-stranded RNA
(dsRNA) mimetic, which has been shown to impair
drug metabolism.19 Although the effects of polyI:C on
drug metabolism have been ascribed to its ability to
induce IFN, there has not been a conclusive study sup-
porting this hypothesis. PolyI:C does induce other
cytokines such as tumor necrosis factor a (TNF-a) and
interleukin-1 (IL-1) that could affect activity or expres-
sion of CYPs. IFNs as well as TNF-a and IL-1 have
all been shown to alter drug metabolism when admin-
istered in patients or in animal models.4,20

Additionally, viral dsRNA and polyI:C are sensed by
the endosomal receptor, Toll-like receptor (TLR3), as
well as recently discovered cytoplasmic receptors, such
as RNA helicase retinoic acid-inducible gene-I (RIG-
I).21 These receptors have cell-type and tissue-specific
roles in sensing polyI:C; however, it has not been char-
acterized which receptors are involved in mediating the
effects of polyI:C on hepatic drug metabolism.22

Here we used polyI:C and vesicular stomatitis virus
(VSV), a dsRNA virus, to study how activation of
antiviral responses can modulate APAP metabolism
and hepatotoxicity. We provide a mechanism by which
in vivo administration of polyI:C suppresses APAP-
induced hepatotoxicity independent of IFN production
or in the absence of TLR3 through transcriptional
down-regulation of RXRa and PXR and their down-
stream CYPs.

Materials and Methods

Animal Experiments. Age-matched 6 to 9-week-old
male mice were used for all experiments. Sources for the
different strains of mice can be found in the Supporting
Material. All experiments were performed in accordance
with guidelines from the University of California, Los
Angeles Institutional Animal Care and Use Committee.
For ASA-induced toxicities, mice were given ASA (180
mg/L, Sigma-Aldrich) in drinking water for 5 days. For
APAP hepatotoxicity studies, mice were fasted for 18
hours and then administered vehicle (normal saline,
0.9% NaCl) or APAP (175-600 mg/kg, Sigma-Aldrich)
by intraperitoneal injections (i.p.). For serum and histo-
logical studies, mice were sacrificed at 6-7 hours post-
APAP administration and serum and liver samples were
retrieved. For polyI:C and VSV studies, mice were
injected with saline or polyI:C (100 lg, Invivogen) or
VSV (2.5e7 plaque-forming units [pfu]) i.p. 24 hours
prior to APAP treatment. Green fluorescent protein
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(GFP)-tagged VSV was a kind gift from G. Barber (Uni-
versity of Miami, Miami, FL).
To study the effects of pregnenolone 16a-carboni-

trile (PCN) on APAP treatment, mice were injected
(i.p.) with PCN (75 mg/kg, Sigma-Aldrich) or control
(1% DMSO, corn oil) 24 hours prior to APAP treat-
ment. To study the effects of ethanol (EtOH) on
APAP treatment, mice were given 20% EtOH (Gold
Shield Chemical) in water ad libitum for 5 days prior
to APAP administration. PolyI:C treatment for these
experiments occurred at days 3 and 5. Serum alanine
aminotransferase (ALT) levels were determined using
the manufacturer’s protocol (TECO Diagnostics).
Histology and Immunohistochemistry Analysis.

For hematoxylin and eosin (H&E) staining, liver sam-
ples were fixed in formalin for 48 hours. H&E stain-
ing was performed at the UCLA Tissue Procurement
Core Laboratory (TPCL). APAP-protein adduct stain-
ing was done using anti-APAP rabbit antibodies
(Biogenesis/AbDserotec) as described.23

Reverse-Transcription Polymerase Chain Reaction
(PCR) Analysis. For quantitative real-time PCR (Q-
PCR), total liver RNA was isolated and cDNA was
synthesized according to the manufacturer’s protocol:
Trizol (RNA) and Bio-Rad iScript (cDNA). PCR reac-
tions were set up using Quantise Master Mix (2X Sen-
siMix SYBR and Fluorescein).

Results

VSV Infection Suppresses APAP-Induced Hepato-
toxicity. Mice were given ASA (180 mg/L) in their
drinking water for 5 days. Mice that were infected with
VSV (2.5e7 pfu) at day 1 experienced higher ASA-
induced hepatotoxicity compared to uninfected mice.
This is evidenced by higher levels of serum ALT in mice
treated with VSV and ASA compared to the ASA only
group (Fig. 1A). Histological analysis of livers from VSV-
infected mice further evidenced hepatic injury as indi-
cated by increased fat (steatosis) on oil-red staining (data
not shown) as well as H&E staining sections (Fig. 1B).
Mice were infected with VSV (2.5e7 pfu) and toxic

doses of APAP (350 mg/kg) were administered 24
hours later to VSV-infected mice and uninfected con-
trols, and serum ALT and histological evaluation of
liver tissue were used as markers for hepatotoxicity.
Mice that were infected with VSV (2.5e7 pfu) 24
hours prior to receiving APAP (350 mg/kg) had lower
levels of serum ALT compared to uninfected controls
6 hours after APAP administration (Fig. 1C). Further-
more, histological evaluation of livers from VSV-
infected mice did not reveal necrosis in contrast to

mice treated with APAP alone (Fig. 1D). These data
demonstrate that concomitant VSV infection sup-
pressed APAP-induced hepatotoxicity, which is oppo-
site to what we observed with ASA.
PolyI:C Pretreatment Suppresses APAP-Induced

Hepatotoxicity. In order to determine whether our
observations are applicable to viruses other than VSV,
mice were pretreated with polyI:C for 24 hours prior to
APAP administration. APAP (600 mg/kg) was adminis-
tered with or without 24-hour polyI:C pretreatment and
the weight and body temperature of animals were moni-
tored for 5 days. As seen in Fig. 2A, mice that received
polyI:C had a higher survival rate than those given
APAP alone. Mice pretreated with polyI:C exhibited
lower serum ALT levels compared to untreated controls
in response to 6 hours of APAP (350 mg/kg) treatment
(Fig. 2B) and evidenced fewer necrotic foci on histologi-
cal analysis (Fig. 2C). Administration of polyI:C 1 hour
before APAP treatment did not have any effects on
APAP-induced injury (data not shown).
PolyI:C-Mediated Repression of Nuclear Hormone

Receptors and Downstream APAP-Metabolizing
Genes. CYP enzymes that contribute to the metabo-
lism of APAP to NAPQI, such as CYP3A11 and
CYP1A2, have been identified as targets of the nuclear
hormone receptors RXRa, PXR.15,24,25 Because we
previously demonstrated that the innate immune
response to dsRNA inhibits RXRa expression, we
assessed the effects of polyI:C treatment on these nu-
clear hormone receptors as well as their downstream
CYPs involved in APAP-mediated toxicity. Following
i.p. injections of polyI:C, both hepatic RXRa and PXR
expressions were down-regulated at 24 hours (Fig. 3A).
Similarly, the mRNA expression levels of CYP3A11
and CYP1A2 were also suppressed after polyI:C treat-
ment, whereas CYP2E1 mRNA levels were not altered
significantly (Fig. 3B, Supporting Fig. 1).
One mechanism by which NAPQI mediates hepato-

toxicity is through covalent binding with cysteine groups
on proteins to form APAP-protein adducts.26 Immuno-
fluorescent analysis demonstrated that APAP-induced
hepatotoxicity correlated with increased formation of
APAP-protein adducts and NAPQI generation as indi-
cated by the representative images (Fig. 3C) and the
ImageJ analysis of different liver sections in each group
(Supporting Fig. 2).23 Liver sections of polyI:C pre-
treated mice did not exhibit APAP-protein adduct forma-
tion, suggesting decreased APAP metabolism. Decreased
levels of APAP-protein adduct formation can potentially
correlate with decreased NAPQI generation due to tran-
scriptional suppression of CYP3A11 and CYP1A2 in
response to polyI:C treatment. These findings suggest
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that the protective effect of polyI:C against APAP-medi-
ated hepatotoxicity could result from the repression of
nuclear hormone receptors and their target genes.
PolyI:C Protects Against Synergistic Xenobiotic/

APAP-Induced Hepatotoxicity. Previous studies have
demonstrated that the PXR/RXRa activator PCN can
increase APAP-hepatotoxicity through induction of
CYP3A11 and CYP1A2 in mice.27 If polyI:C-medi-
ated protection against APAP hepatotoxicity is caused
through the repression of nuclear hormone receptors
and their target CYP genes, then polyI:C should also
be effective at protecting against nuclear hormone re-
ceptor enhanced APAP hepatotoxicity. Pretreatment of
mice with PCN led to induction of CYP3A11, an
effect which was suppressed in the presence of polyI:C
(Fig. 4A). Consequently, PCN pretreatment greatly
enhanced serum ALT levels following treatment with
normally nontoxic levels of APAP (Fig. 4B). Adminis-
tration of polyI:C abrogated APAP-induced hepatotox-
icity which was enhanced by PCN. This was seen by

both serum ALT measurement and histology (Fig.
4B,E). Additionally, polyI:C administration protected
mice against PCN-enhanced APAP lethality, further
supporting the mechanism where polyI:C protection
occurs through repression of nuclear hormone recep-
tors and downstream CYPs (Fig. 4C).
Another example of hepatotoxicity from APAP in

combination with CYP-inducing substances is APAP
therapy following regular alcohol ingestion, which
induces expression of CYP2E1 and CYP3A isoforms
and enhances sensitivity to APAP.28,29 Indeed, polyI:C
was effective at preventing ethanol from potentiating
APAP induction of serum ALT levels and hepatotoxic-
ity (Fig. 4D,E).
PolyI:C-Mediated Suppression of APAP-Induced

Hepatotoxicity Is Independent of Type I IFN. PolyI:
C was first utilized to study the effects of viral infec-
tions on drug metabolism as an interferon inducing
agent.19 However, there has not been a conclusive
study which addresses whether the effects of polyI:C

Fig. 1. Opposite effects of VSV infec-
tion on ASA and APAP-induced hepatotox-
icity. (A,B) Mice were infected with VSV
(2.5 ! 107 pfu, i.p.) at day 1 and given
ASA (180 mg/L) in drinking water for 5
days. At day 5 animals were euthanized
and serum samples were collected and
analyzed for serum ALT (A), and liver sam-
ples were fixed and stained with H&E (B).
(C,D) For the APAP studies, mice were
infected with VSV (2.5 ! 107 pfu, i.p.)
24 hours prior to drug treatment. Animals
were fasted for 18 hours before adminis-
tration of APAP (350 mg/kg, i.p.). Serum
samples were collected 6 hours after
APAP administration for ALT analysis (C)
and liver samples were fixed and stained
with H&E (D). (n " 4, mean 6 standard
deviation [SD], *P < 0.05 compared to
uninfected).
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on drug metabolism are truly dependent on IFN
induction. In our model, polyI:C administration
induced transcription of Type I IFNs such as IFNb in
the liver after 24 hours (Fig. 5A). Thus, we evaluated
the contribution of IFN in polyI:C-mediated protec-
tion against APAP-induced hepatotoxicity in mice defi-
cient in IFN signaling. Because IFN receptor-1 and
IFN receptor-2 need to heterodimerize for effective
IFN signaling, IFN signaling is absent in Type I inter-
feron receptor-1 (IFNAR) deficient mice.30 In our
model, polyI:C was able to reduce RXRa and PXR
mRNA levels and their downstream CYPs in IFNAR-
deficient mice similar to wildtype mice after 24 hours
(Fig. 5B, Supporting Fig. 3). Furthermore, in mice de-
ficient for IFNAR, polyI:C was still able to attenuate
APAP metabolism and toxicity (Fig. 5C). In order to
confirm that polyI:C’s protective effect against APAP
toxicity in IFNAR deficient mice were through
decreased metabolism, APAP adduct protein levels
were measured. Liver sections of polyI:C pretreated
wildtype and IFNAR deficient mice did not exhibit

APAP-protein adduct formation, suggesting decreased
APAP metabolism (Fig. 5D).
We then analyzed two additional cytokines induced

by polyI:C, TNF-a and IL-1, which have been shown
to modulate CYP expression when administered in
patients or animals.31 However, both TNF-a-deficient
mice (Tnfa!/!) and IL-1 receptor-deficient mice (IL-
1R!/!) were protected by polyI:C against APAP-
induced hepatotoxicity (Supporting Fig. 4).
PolyI:C Can Attenuate APAP-Induced Hepatotox-

icity Through Both Its Extracellular and Cytoplas-
mic Receptors. TLR3 is the primary membrane-bound
receptor for mediating the innate immune response to
polyI:C.21 In the absence of TLR3, APAP-induced
hepatotoxicity was suppressed when mice were
pretreated with polyI:C (Fig. 6B). This finding was
confirmed using mice deficient in TRIF, the adaptor
protein required for TLR3 signaling18 (Fig. 6A).
Moreover, mice lacking Cardif, the adaptor protein for
cytoplasmic receptors of polyI:C, were also protected
against APAP-induced hepatic injury18 (Fig. 6C).

Fig. 2. PolyI:C protection against
APAP-induced hepatotoxicity. (A)
Wildtype (n " 8) were treated with
saline or polyI:C (100 lg, i.p.) 24
hours prior to treatment with APAP
(600 mg/kg, i.p.). Mice were fol-
lowed for 5 days posttreatment.
(B) Wildtype mice (n " 4) were
treated with saline or polyI:C (100
lg, i.p.) 24 hours prior to treat-
ment with APAP (350 mg/kg, i.p.).
Six hours post-APAP treatment,
mice were sacrificed and serum
samples were collected and ana-
lyzed for serum ALT levels (TECO
Diagnostic). (C) Liver samples were
formalin-fixed and stained with
H&E. Arrows indicate foci of necro-
sis (n " 4, mean 6 SD, *P <
0.05 compared to polyI:C
untreated).
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However, polyI:C pretreatment in double knockout
mice deficient in both Cardif and TLR3 failed to pro-
tect against APAP-induced hepatotoxicity (Fig. 6D).
These findings suggest that membrane-bound and cy-
tosolic receptors of polyI:C play complementary roles
in this animal model.

Discussion

There are many documented examples of impaired
drug metabolism in patients with viral infections.1,2

These effects have been attributed to modulation of
CYP enzymes in response to activation of the innate

Fig. 3. PolyI:C decreases liver nuclear hormone receptors and their downstream genes and reduces APAP adduct protein formation. (A) Wild-
type mice were treated with saline or polyI:C (100 lg, i.p.). Twenty four hours posttreatment, liver RNA was isolated and analyzed by Q-PCR.
(B,C) Wildtype mice were treated with saline or polyI:C (100 lg, i.p.) 24 hours prior to treatment with APAP (350 mg/kg, i.p.). Six hours post-
APAP treatment, mice were sacrificed and liver samples were collected. Liver RNA was isolated and analyzed by Q-PCR (B) and formalin-fixed
liver samples were indirectly stained for APAP-bound proteins and the nucleus was identified using DAPI stain (C) (n ! 4, mean 6 SD, *P <
0.05 compared to polyI:C untreated).
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immune system.4 Although the activity and expression
levels of CYPs have been shown to be altered during
viral infection or inflammatory states, the underlying
molecular mechanisms are not well characterized.
Our previous work identified a potential mechanism

of how innate immune activation can lead to enhanced

ASA-induced hepatotoxicity through down-regulation
of CYP3A11, the CYP enzyme required for the clear-
ance of the toxic intermediate of ASA.5 PolyI:C stimu-
lation can lead to transcriptional down-regulation of
RXRa and subsequently decreasing the presence of
RXRa on the PXR/RXR ER6 binding region on the

Fig. 4. PolyI:C protects against APAP-mediated hepatotoxicity promoted by PCN or EtOH. (A) Mice were treated with saline, PCN (75 mg/kg,
i.p.), or PCN and polyI:C (100 lg, i.p.). After 24 hours, liver RNA was isolated and analyzed by Q-PCR. (B) Mice were treated with saline, polyI:C
(100 lg, i.p.), or PCN (75 mg/kg, i.p.) 24 hours prior to treatment with APAP (175 mg/kg, i.p.) (n ! 4, mean 6 SD, *P < 0.05 compared to
polyI:C untreated). (C) Mice (n ! 8) were treated with saline or polyI:C (100 lg, i.p.) and PCN (75 mg/kg, i.p.) 24 hours prior to administration
of APAP (175 mg/kg, i.p.). Mice were followed for 5 days following treatment. (D) Alternatively, wildtype mice were given 20% EtOH ad libitum
for 5 days, and saline or polyI:C were injected on days 3 and 5. Mice were fasted 18 hours prior to APAP treatment (175 mg/kg) on day 6. Six
hours after APAP treatment, serum samples were isolated and analyzed for ALT levels. (E) Mice were treated as in (B,D). Six hours post-APAP
treatment, mice were sacrificed and liver samples were isolated. Liver samples were formalin-fixed and stained with H&E. Arrows indicate foci of
necrosis.
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promoter of CYP3A4 (human homolog of Cyp3a11)
in Huh7 cells.5 Here we studied the effects of such
crosstalk between antiviral responses and nuclear hor-

mone receptors on the transcriptional regulation of
CYPs involved in the metabolism and toxicity of
another commonly used analgesic, APAP.

Fig. 5. Involvement of IFN and
cytokines in polyI:C protection
against APAP-induced hepatotoxic-
ity. (A,B) Mice were treated with
saline or polyI:C (100 lg, i.p.).
Twenty-four hours posttreatment,
liver RNA was isolated and ana-
lyzed by Q-PCR (n ! 4, mean 6
SD, *P < 0.05 compared to
polyI:C untreated). (C,D) Wildtype
and Ifnar"/" mice were treated
with polyI:C and APAP as described
above in Fig. 2B. Six hours after
APAP administration, blood and
liver samples were collected. Se-
rum samples were analyzed for ALT
levels (C) and formalin-fixed livers
were indirectly stained for APAP-
bound proteins (D) (n ! 4, mean
6 SD, *P < 0.05 compared to
polyI:C untreated).

Fig. 6. PolyI:C can decrease
APAP hepatotoxicity through either
TLR3 or Cardif pathways. Wildtype,
Trif"/", Tlr3"/", Cardif"/", and
Tlr3/Cardif double knockout mice
were treated with polyI:C and APAP
as described above. Six hours after
APAP treatment, mice were sacri-
ficed and serum samples were col-
lected and analyzed for ALT levels
(n ! 4, mean 6 SD, *P < 0.05
compared to polyI:C untreated).
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In this study we report that VSV infection as well
as polyI:C pretreatment results in attenuated APAP-
induced hepatotoxicity in mice. Early studies have also
reported similar phenomena; however, the molecular
mechanism by which such protection is mediated was
never studied in detail.32 Our findings suggest that
this protection against APAP-induced toxicity can
potentially be due to inhibition of nuclear hormone
receptor-regulated metabolism, as we have shown that
polyI:C suppresses expression of PXR, RXRa, and
their target genes, CYP3A11 and CYP1A2. The tran-
scription of the other CYP involved in APAP metabo-
lism, CYP2E1, however, was not altered, as this gene
is not downstream of any known nuclear hormone
receptors.33 As the result of these modulations, polyI:C
pretreatment can potentially decrease generation of
NAPQI, the toxic metabolite of APAP.
Given the key role of IFN in proper antiviral

responses, we then set out to assess the involvement of
IFN production in the suppression of APAP metabo-
lism observed with polyI:C. The reported effects of
polyI:C on drug metabolism were previously attributed
to its ability to induce IFN.19 Here we report that in
IFNAR-deficient mice, polyI:C administration is still
able to suppress expression of RXRa, PXR, and down-
stream CYPs. It is important to note that IFNAR-defi-
cient mice were equally sensitive to APAP-induced
hepatotoxicity as wildtype mice in our APAP model,
in contrast to mice deficient in the Type II IFN recep-
tor, which are protected against APAP-induced toxic-
ity.34 In other liver injury models, such as ischemia
reperfusion injury, IFNAR-deficient mice are less sus-
ceptible to hepatic injuries.35 This observation suggests
that different innate immune pathways are activated
during hepatic injuries induced by drugs (e.g., APAP)
or ischemia reperfusion that could enhance tissue
damage.
A recent study that can complement our findings

also demonstrates suppressed APAP toxicity in mice
infected with recombinant deficient adenoviruses,
DNA viruses.36 They suggest that polyI:C’s protective
effects are due to down-regulation of CYP2E1 and
decreased generation of NAPQI. In our model,
CYP2E1 mRNA levels are not altered after polyI:C
treatment. One possible explanation is that replication
deficient adenoviral infections can induce type II inter-
ferons, which have been shown to suppress CYP2E1
expression and activity in mice.37,38 However, here we
studied the effects of activation of antiviral pathways
in response to dsRNA stimulants such as VSV and
polyI:C, which do not lead to type II interferon
induction.

Additionally, we evaluated the involvement of
inflammatory cytokines induced by polyI:C in the me-
tabolism and toxicity of APAP. Activation of innate
immune cells during viral infections can lead to the
release of TNF-a and IL-1.39 Previous studies have
demonstrated the effects of TNF-a or IL-1 treatment
on CYPs, with activity and expression of different
CYPs being suppressed or enhanced by either TNF-a
or IL-1.4 Thus, induction of these cytokines during vi-
ral infections could potentially explain the mechanism
by which polyI:C pretreatment suppresses APAP-
induced toxicity. However, our results illustrate that
mice deficient in TNF-a or IL-1 receptors are still pro-
tected against APAP-induced hepatotoxicity after
polyI:C pretreatment. There are other potential factors
activated by polyI:C which may contribute to this pro-
tective phenotype that we did not explore. It has been
suggested that activation of the p65 nuclear factor
kappa B (NF-jB) subunit can result in the direct inhi-
bition of RXRa DNA binding capabilities and thus
repression of RXRa-regulated genes.40 Although this
proposed mechanism is interesting, the experimental
support for this hypothesis is primarily found in vitro.
Future in vivo experiments will provide greater insight
into the role that NF-jB may play in repression of
genes downstream of nuclear hormone receptors and
innate immune response-mediated protection against
APAP hepatotoxicity.
We also examined the induction of known hepato-

protective genes against APAP-induced hepatotoxicity.
Heme oxygenase-1 (HO-1) and metallothionein have
been shown to play protective roles against APAP tox-
icity; however, the role of iNOS remains controver-
sial.41-43 We found that polyI:C treatment of mice for
24 hours increased liver mRNA levels of HO-1, induc-
ible nitric oxide synthase (iNOS), and metallothio-
nein-2 (Mt-2) (Supporting Fig. 5). Even though
decreased NAPQI formation can explain the protective
effects of polyI:C against APAP toxicity, induction of
these genes by polyI:C can also contribute to this
phenotype.
Finally, we sought to identify which receptors were

necessary to sense polyI:C in our animal model. Prior
to 2005, the only known receptor class for polyI:C
was TLR3.21 We now know of another family of
polyI:C receptors, retinoic acid-inducible gene I-like
helicases (including RIG-I and melanoma-differentia-
tion-associated gene 5 [MDA5]). Several studies have
suggested that these receptors may function in a cell-
type-specific manner to sense polyI:C or viral dsRNA.
TLR3 has been shown to play an important role in
sensing polyI:C in epithelial cells, whereas only playing
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a minor role in dendritic cells.44 In contrast, RIG-I
and MDA5 play more important roles in sensing
polyI:C in fibroblasts and dendritic cells in comparison
to TLR3.45 However, it is not clear whether these two
families of receptors play redundant roles in sensing
polyI:C in the liver.46 Our data illustrate that polyI:C,
when administered i.p., can suppress APAP-induced
hepatotoxicity in the absence of TRIF or Cardif, the
adaptor proteins required for signal transduction of
TLR3 or RIG-I/MDA5, respectively.46 This is the first
study to report that polyI:C administration in vivo can
exert physiological effects in the absence of TLR3
through Cardif-dependent receptors in the liver.
In summary, the results of this study suggest that

activation of antiviral responses can alter drug metabo-
lism through transcriptional down-regulation of
CYP3A11 and CYP1A2 independent of IFN produc-
tion. Understanding the factors that contribute to or
alleviate drug toxicity is important for the proper use
of drugs under various clinical cases, including the use
of common analgesics to relieve pain or fever during
viral infections. This study, in conjunction with our
previous work, provides further evidence that the use
of APAP may be safer in the context of a viral infec-
tion than ASA therapy. Furthermore, PolyI:C is now a
Food and Drug Administration (FDA)-approved drug
that is being evaluated as an anticancer therapeutic
agent (e.g., ovarian and renal cancer) as well as for
chronic fatigue syndrome and AZT-resistant HIV.47-49

Thus, it is important to study potential uncharacter-
ized adverse effects that could occur in virally infected
patients or individuals receiving polyI:C, a function
for which the animal model we have established can
be used. Identification of molecular mechanisms of the
crosstalk between innate immune responses and nu-
clear hormone receptor-regulated metabolism can pro-
vide insight into the biological consequences of various
drug treatments during viral infections, allowing for
safer and more accurate assessment of proper drug
therapy.
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Vitamin D Is Required for IFN-g–Mediated Antimicrobial
Activity of Human Macrophages
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Control of tuberculosis worldwide depends on our understanding of human immune mechanisms, which combat
the infection. Acquired T cell responses are critical for host defense against microbial pathogens, yet the mech-
anisms by which they act in humans remain unclear. We report that T cells, by the release of interferon-g (IFN-g),
induce autophagy, phagosomal maturation, the production of antimicrobial peptides such as cathelicidin, and anti-
microbial activity against Mycobacterium tuberculosis in human macrophages via a vitamin D–dependent pathway.
IFN-g induced the antimicrobial pathway in human macrophages cultured in vitamin D–sufficient sera, but not in
sera from African-Americans that have lower amounts of vitamin D and who are more susceptible to tuberculosis. In
vitro supplementation of vitamin D–deficient serum with 25-hydroxyvitamin D3 restored IFN-g–induced antimicro-
bial peptide expression, autophagy, phagosome-lysosome fusion, and antimicrobial activity. These results suggest a
mechanism in which vitamin D is required for acquired immunity to overcome the ability of intracellular pathogens
to evade macrophage-mediated antimicrobial responses. The present findings underscore the importance of adequate
amounts of vitamin D in all human populations for sustaining both innate and acquired immunity against infection.

INTRODUCTION
The acquired T cell–mediated immune response is essential for host
defense against intracellular pathogens, including Mycobacterium tu-
berculosis, which is estimated by the World Health Organization to
cause 9.3 million new infections and 1.8 million deaths annually (1).
HIV-infected individuals with reduced numbers of CD4+ T cells have
markedly increased susceptibility to tuberculosis, and those individuals
with the lowest CD4+ T cell counts have the highest frequency of dis-
seminated disease (2). Furthermore, a key role for interferon-g (IFN-g)
in the immune response to M. tuberculosis infection is corroborated
by studies indicating that humans with genetic disorders leading to the
decreased production of, or response to, IFN-g are highly susceptible
to tuberculosis and other mycobacterial diseases (3–5). Yet, it has been
a matter of faith that IFN-g can activate human monocytes or macro-
phages to kill intracellular M. tuberculosis.

Indeed, multiple studies of IFN-g treatment of human macrophages
have consistently failed to demonstrate antimicrobial activity against
intracellular M. tuberculosis (6–16). In vitro, IFN-g is unable to acti-
vate human macrophages to restrict or kill virulent M. tuberculosis
(17), and human macrophages infected with M. tuberculosis are de-
sensitized to this cytokine (17). However, the discovery that the innate
immune response, activated by Toll-like receptors (TLRs) on human
monocytes and macrophages, triggers an antimicrobial response against
M. tuberculosis that is vitamin D–dependent (18, 19) provided a new
opportunity to investigate this phenomenon. We found that the ac-
quired T cell response could activate antimicrobial activity in human
cells of the monocyte/macrophage lineage.

RESULTS

T cells activate a vitamin D antimicrobial pathway via
secretion of IFN-g
Within the acquired immune response, the balance of T helper
1 (TH1) and TH2 T cell cytokine patterns is pivotal to the ability of hu-
mans to defend against mycobacterial infection (20, 21). We therefore
derived a panel ofM. tuberculosis–reactive human TH1 and TH2 T cell
clones (21) that were activated via their T cell receptor (TCR) by im-
mobilized antibodies to CD3 and collected the supernatants. These
supernatants were tested for their ability to induce in monocytes, pri-
mary cells of the monocyte/macrophage lineage, expression of the
mRNAs encoding the antimicrobial peptides cathelicidin and b-defensin
2 (DEFB4). Previously, both cathelicidin and DEFB4 have been demon-
strated to be part of the vitamin D–dependent antimicrobial pathway
of the innate immune response against intracellular M. tuberculosis
(18, 19). The TH1 cell supernatants, containing IFN-g, were able to in-
duce cathelicidin and DEFB4 mRNAs in monocytes (Fig. 1A). In
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contrast, the TH2 cell supernatants, containing interleukin-4 (IL-4),
did not induce cathelicidin or DEFB4. The capacity of supernatants
from T cell clones to induce monocyte production of cathelicidin
and DEFB4 correlated with the amounts
of IFN-g (Fig. 1B, P = 0.0004 and P =
0.0002, respectively) and inversely corre-
lated with the amount of IL-4, reaching
statistical significance for cathelicidin
(Fig. 1B, P = 0.03). The T cell clones also
secreted GM-CSF (granulocyte-macrophage
colony-stimulating factor) (Fig. 1B), IL-10,
and IL-17 (fig. S1); however, their pro-
duction failed to show significant correla-
tion with the induction of antimicrobial
peptide gene expression.

To determine whether IFN-g was re-
sponsible for antimicrobial peptide ex-
pression, we cultured human monocytes
with T cell supernatants in the presence
of IFN-g–neutralizing antibodies or iso-
type controls. The addition of monoclo-
nal antibodies (mAbs) to IFN-g reduced
the ability of the T cell supernatants to
trigger the expression of cathelicidin and
DEFB4 by about 65 and 70%, respective-
ly, compared with cultures without anti-
body (Fig. 1C, P < 0.05). However, because
of variability in the isotype controls, the
relative blocking effect of inhibitory anti-
bodies to IFN-g failed to reach statistical
significance. These data suggest that the
acquired T cell response, through the pro-
duction of IFN-g, can induce antimicro-
bial peptide gene expression in human
cells of the monocyte/macrophage lineage.

IFN-g is sufficient to activate a
vitamin D–dependent
antimicrobial pathway
In monocytes and macrophages, IFN-g
can induce CYP27B1-hydroxylase (22),
which converts 25-hydroxyvitamin D
(25D) to the bioactive 1,25-dihydroxyvitamin
D (1,25D). Furthermore, IFN-g up-regulates
TLR2/1 ligand (TLR2/1L)–induced anti-
microbial peptide expression by enhancing
CYP27B1 activity (23). To examine the
role of IFN-g in triggering the vitamin
D–dependent induction of antimicrobial
peptides, we treated primary humanmono-
cytes with recombinant human IFN-g
(rIFN-g) or a TLR2/1L, the M. tuberculosis–
derived 19-kD triacylated lipopeptide (24),
as a control. Both rIFN-g and TLR2/1L in-
duced cathelicidin and DEFB4 (25) mRNAs
to a similar degree (Fig. 2A, P < 0.05). In
addition, IFN-g and TLR2/1L equally in-
duced CYP27B1-hydroxylase, as well as

vitamin D receptor (VDR), mRNA (Fig. 2B, P ! 0.05) (18). Notably,
although nitric oxide is a key effector molecule in activated mouse
macrophages (26–28), neither inducible nitric oxide synthase mRNA

Fig. 1. T cell–secreted IFN-g in-
duces the vitamin D antimicrobial
pathway. (A) TH1 and TH2 T cell
clones were stimulated with plate-
bound mAb to CD3 antibody, and
supernatants were collected after
18 hours. T cell supernatants were
added to human monocytes for 24
hours in 10% vitamin D–sufficient
human serum, and amounts of
mRNA encoding the antimicrobial
peptides cathelicidin (Cath.) and
DEFB4 were measured by qPCR
(mean fold change ± SEM; shown
is one representative donor done
in triplicate). In parallel, T cell super-

natants were characterized according to their secreted concentrations of IFN-g and IL-4 (protein concentra-
tions in ng/ml ± SD). (B) The correlation between T cell supernatant cytokine concentrations (ng/ml) and
monocyte antimicrobial gene expression (mean fold change) was determined and represented as the cor-
relation coefficient r. (C)MonocyteswerepretreatedwithmAb to IFN-g or isotype control antibody for 15min
and then stimulated with the TH1 T cell clone supernatant for 20 or 24 hours in 10% vitamin D–sufficient
human serum. mRNA quantities were measured by qPCR (mean fold change ± SEM, n = 7 to 9). *P < 0.05.
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as measured by quantitative polymerase chain reaction (qPCR) nor nitric
oxide as measured by the Griess reaction (28) was detected in IFN-g–
treated human monocytes/macrophages.

Next, we investigated the functional roles of CYP27b1 and the
VDR in this system. IFN-g treatment of human monocytes resulted
in enhanced conversion of 25D to 1,25D, indicating increased
CYP27b1 enzymatic activity (Fig. 2C, P < 0.05). To determine whether
CYP27B1 and VDR induction was required for IFN-g–mediated
expression of antimicrobial peptides, we performed small interfering
RNA (siRNA) knockdown of each gene on primary monocytes. Both
siVDR and siCYP27B1 knocked down the IFN-g–induced expression
of their respective targets by about 50% as measured by qPCR. Trans-
fection of siRNA oligos targeting CYP27B1 and VDR, but not the non-
specific control oligo, significantly reduced IFN-g–induced expression
of both cathelicidin and DEFB4 (Fig. 2D, P < 0.05). In contrast,
knockdown of CYP27B1 and VDR did not inhibit IFN-g–induced
CD64, but instead may have increased CD64 expression, consistent

with the ability of 1,25D to inhibit CD64 expression (29). Fur-
thermore, the VDR antagonist VAZ, shown to inhibit 1,25D
induction of cathelicidin (30), blocked induction of antimicro-
bial peptides (Fig. 2E, P < 0.05), but not CD64, which was
again slightly increased (Fig. 2E). Finally, IFN-g also induced
the VDR downstream gene CYP24, providing evidence for ac-
tivation of the VDR (fig. S2). These data indicate that IFN-g
induction of cathelicidin and DEFB4 mRNAs is dependent
on both CYP27b1 and the VDR.

A key early event in the TLR2/1L induction of the vitamin
D antimicrobial pathway is the induction of IL-15, which in-
itiates a macrophage differentiation program (31, 32). Because
IFN-g has been reported to induce IL-15 in monocytes (33), we
measured IL-15 expression after stimulation with either rIFN-g
or TLR2/1L and found that IL-15 surface expression and mRNA
were similarly up-regulated in both cases (Fig. 3A, P < 0.05, and
fig. S3, A and B). The mechanism of IL-15 induction was inves-
tigated in the context of the known signaling pathways for
TLR2/1 and IFN-g. IFN-g induction of IL-15 was STAT1 (signal

transducer and activator of transcription 1)–dependent, whereas TLR2/1L
induction of IL-15 was STAT1-independent (Fig. 3B). Conversely,
TLR-induced, but not IFN-g–induced, IL-15 was MyD88-dependent.
The addition of anti–IL-15–neutralizing antibodies significantly reduced
IFN-g–induced expression of CYP27B1 by ~60%, cathelicidin by ~90%,
and DEFB4 by ~50% (Fig. 3, C and D, P < 0.05), demonstrating that
IL-15 is a critical cytokine for activating the antimicrobial program in
human macrophages. Together, these data show that both the innate
and the acquired immune responses converge on a common antimicrobial
pathway by inducing IL-15, which is required for up-regulation of
CYP27b1 and the subsequent induction of cathelicidin and DEFB4.
These data also indicate that the proximal pathways for activation of
the antimicrobial response in innate and acquired responses are distinct.

IFN-g–induced autophagy and autophagolysosomal fusion
are vitamin D–dependent
One well-established mechanism by which M. tuberculosis evades
the macrophage antimicrobial response is by blocking phagosome

Fig. 2. IFN-g andTLR2/1L induce a commonvitaminD–dependent
antimicrobial pathway. Primary human monocytes were stimu-
latedwith rIFN-g or TLR2/1L for 24hours in 10%vitaminD–sufficient
human serum. (A and B) Cathelicidin and DEFB4 (A) and CYP27B1
and VDR (B) gene expression was assessed by qPCR (mean fold
change ± SEM, n = 3 to 7). (C) To assess CYP27b1 activity, we cul-
tured human monocytes treated with rIFN-g in 10% FCS over-
night for an additional 5 hours with [3H]25D3. The amount of
conversion to [3H]1,25D3 and [3H]24,25D3wasmeasured by high-
performance liquid chromatography, and CYP27b1 activity was
calculated as the ratio of 1,25D3/24,25D3 (relative change com-
pared to media ± SEM, n = 4). (D) Human monocytes were trans-
fected with siRNA oligos specific for CYP27B1 (siCYP27B1), VDR
(siVDR), or nonspecific (siCTRL) and then treated with IFN-g in 10%
vitamin D–sufficient serum for 20 or 24 hours. Cathelicidin, DEFB4,
and CD64 gene expression was determined by qPCR (mean fold
change ± SEM, n = 3 to 5). (E) Human monocytes were cultured
in 10% vitamin D–sufficient human serum, pretreated with the
VDR antagonist VAZ (ZK159222) for 15 min, and then exposed to
rIFN-g. Cathelicidin, DEFB4, and CD64 gene expression was
determinedbyqPCR (mean fold change± SEM,n=4 to 7). *P! 0.05.
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maturation and phagolysosomal fusion, preventing lysosomal acidifi-
cation and delivery of lysosomal products into the compartment in
which it resides (34–36). A possible host defense mechanism to over-
come this blockade is autophagy, which results in the creation of au-
tophagosomes and their subsequent fusion with lysosomes (37–40).
Autophagosomes were detected using an anti–microtubule-associated
protein 1 light chain 3 (LC3) mAb with confocal laser microscopy.
The induction of autophagy is associated with a shift from a homoge-
neous distribution of LC3 throughout the cytoplasm to aggregation into
characteristic puncta (41). Treatment of primary human monocytes
with rIFN-g induced autophagy, as evidenced by an increase in the per-
centage of cells with LC3-positive vesicles (41) (Fig. 4, A and B,P < 0.01).
The ability of IFN-g to induce autophagy inmonocytes was inhibited by
3-methyladenine (3-MA) and wortmannin (WM), both of which block
the phosphatidylinositol 3-kinase (PI3K) activity known to be required
for autophagy (Fig. 4C, P < 0.05 and P < 0.01). IFN-g–induced autoph-
agy was also suppressed by lentiviral short hairpin RNA (shRNA) trans-
duction for two key genes of the autophagy pathway, Beclin-1 and Atg5
(42) (Fig. 4D, P < 0.01), providing further evidence that IFN-g
induced a classical autophagy pathway.Markedly, the ability of
IFN-g to induce autophagy in human monocytes was also
dependent on the vitamin D pathway, because autophagy was
blocked in a dose-dependent manner by the VDR inhibitor
VAZ (Fig. 4, E and F, P < 0.05). In contrast, starvation- or
rapamycin-induced autophagywas not vitaminD–dependent
(42), thus indicating at least two distinct pathways for in-
ducing autophagy.

IFN-g treatment of primary human monocytes resulted
in the colocalization of vesicles containing the autophago-
some marker LC3 with lysosomes identified by LysoTracker
(Fig. 4G). In M. tuberculosis–infected macrophages, the
pathogen accumulates in phagocytic vesicles or early endo-
somes, which fail to colocalize with lysosomes as identified
with the lysosomal marker (Fig. 4H). However, IFN-g–induced
phagosome maturation in macrophages, as evidenced by co-
localization of vesicles containing M. tuberculosis and the ly-
sosomal marker, was blocked by treatment with the VDR
inhibitor VAZ in a dose-dependent manner (Fig. 4, H and
I, P < 0.01). As previously demonstrated, direct treatment of
infected macrophages with 1,25D leads to the vesicular co-
localization of cathelicidin peptide with mycobacteria (18).
Together, these data indicate that IFN-g triggers vitamin
D–dependent autophagy in human macrophages, facilitating
autophagolysosomal fusion and phagosomal maturation
and allowing for the delivery of antimicrobial peptides to
pathogen-containing compartments.

IFN-g induces an antimicrobial pathway that
requires vitamin D sufficiency
Ultimately, for the host immune response to eliminate an in-
tracellular pathogen, the activation of macrophages ideally
should result in a direct antimicrobial activity. Recognizing
that M. tuberculosis infection has been shown to inhibit sev-
eral IFN-g response genes (17, 43), we first infected primary
human monocytes with M. tuberculosis, then subsequently
treated with rIFN-g, and antimicrobial peptide induction
was measured. IFN-g induced both cathelicidin and DEFB4 in
M. tuberculosis–preinfected monocytes in the presence of vita-

min D–sufficient (25D = 98 nM) serum (fig. S4), although quantitative
analysis indicated that M. tuberculosis infection partially inhibited
IFN-g–induced antimicrobial peptide expression to a greater extent for
DEFB4 than for cathelicidin.

African-Americans have significantly decreased amounts of 25D
because their skin melanin content diminishes ultraviolet (UV)–
dependent cutaneous vitamin D3 synthesis (44). In addition, African-
Americans have increased susceptibility to tuberculosis (45). To
determine whether this difference in vitamin D concentration could
affect the ability to generate antimicrobial responses, we collected sera
from healthy African-American and white donors. The concentrations
of 25D reflected the lower amounts of vitamin D in the African-
American versus white donors (mean 25D = 56 ± 2 and 113 ± 11 nM,
respectively; Fig. 5A, P < 0.01). IFN-g–mediated antimicrobial peptide
expression in primary human monocytes was significantly lower when
cultured with sera from African-American donors than white donors
(Fig. 5A, P < 0.05). In addition, IFN-g–mediated antimicrobial pep-
tide expression correlated with the concentration of 25D (correlation

Fig. 3. IFN-g induction of the vitamin D antimicrobial pathway is IL-15–dependent.
(A) IL-15 cell surface expression on monocytes stimulated with rIFN-g or TLR2/1L as
measured by flow cytometry at 24 hours [D mean fluorescence intensity (MFI) ±
SEM, n = 3]. (B) Wild-type (WT), MyD88!/!, and STAT1!/! bone marrow–derived
macrophages (BMDMs) were stimulated with murine rIFN-g or TLR2/1L for 4 hours.
IL-15 mRNA was quantified by qPCR (mean fold change ± SEM, n = 4). (C) Primary
human monocytes were incubated with anti–IL-15 mAb, isotype, or media control
for 15 min and stimulated with human rIFN-g in 10% FCS for 24 hours. CYP27B1
gene expression was assessed by qPCR (mean fold change ± SEM, n = 5). (D) Mono-
cytes were cultured as described in (C) in 10% vitamin D–sufficient human serum
for 20 or 24 hours. Cathelicidin and DEFB4 gene expression was assessed by qPCR
(mean fold change ± SEM, n = 6 to 8). *P " 0.05.
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coefficient: cathelicidin versus 25D: r = 0.68, P < 0.05;
DEFB4 versus 25D: r = 0.73, P < 0.05) but not 1,25D (cor-
relation coefficient: cathelicidin versus 1,25D: r = 0.20;
DEFB4 versus 1,25D: r = 0.11).

On the basis of these studies, we hypothesized that pre-
vious studies failed to detect an antimycobacterial activity by
IFN-g–treated human macrophages because of the different
amounts of 25D and/or its availability in the sera used for
the in vitro killing experiments. Because IFN-g was able to
up-regulate antimicrobial peptide mRNA expression, we
compared the types of sera used in the previous reports in
which IFN-g treatment did not induce an antimycobacte-
rial activity in human macrophages (6, 7, 9–12, 14, 15). We
found that IFN-g–induced antimicrobial peptide expression was op-
timal in cultures containing 10% or greater vitamin D–sufficient human
serum (25D = 98 nM), but could not be induced in 2 or 10% heat-
inactivated human serum or 10% vitamin D–deficient fetal calf serum
(FCS) (25D = 16 nM) (fig. S5, A to C, P < 0.05), conditions used in
one or more of the previously mentioned studies. Markedly, 10% vi-
tamin D–deficient human serum (25D = 45 nM) also failed to support
antimicrobial peptide expression in monocytes (Fig. 5B, P < 0.05), but
this could be restored by supplementation of vitamin D–deficient
serum to sufficient concentrations by the addition of 25D in vitro (Fig.
5C, P < 0.05).

Because macrophages are the natural hosts of mycobacteria dur-
ing the course of infection (46), we tested whether IFN-g treatment
would induce the vitamin D antimicrobial pathway in monocyte-
derived macrophages (MDMs). As observed in human monocytes,

IFN-g induced cathelicidin and DEFB4 gene expression in MDMs
in 10% vitamin D–sufficient serum (Fig. 5D, P < 0.05), but not in
10% vitamin D–deficient serum. Likewise, the induction of cathelicidin
and DEFB4 gene expression in MDMs could be restored by supple-
mentation of vitamin D–deficient serum by addition of 25D in vitro
(Fig. 5D, P < 0.05). Moreover, vitamin D–deficient serum did not
support autophagolysosomal fusion and phagosome maturation in
M. tuberculosis–infected macrophages, but this could be rescued by
in vitro supplementation with 25D (fig. S6).

Because IFN-g–induced antimicrobial peptide expression and au-
tophagosome maturation could only be detected in the presence of vi-
tamin D–sufficient human serum, we consequently tested whether
vitamin D was required for IFN-g–induced antimicrobial activity
againstM. tuberculosis. Human monocytes were infected with virulent

Fig. 4. IFN-g–induced autophagy and phagosome maturation
are VDR-dependent. (A) Human primary monocytes were incu-
bated with rIFN-g, rapamycin (Rapa), or medium for 24 hours in
10% vitamin D–sufficient human serum, fixed, and immunolabeled
with anti–LC3-FITC (fluorescein isothiocyanate) antibody (green).
Nuclei were stained with 4!,6-diamidino-2-phenylindole (DAPI)
(blue). Representative immunofluorescence images are shown.
(B) LC3 punctate cells were quantified (mean of percent positive
cells ± SEM, n = 5). (C) Monocytes were incubated with rIFN-g in
the presence or absence of 3-MA or WM for 24 hours, and the
percentage of LC3 punctate cells was determined (mean ± SEM,
n = 4). (D) Gene expression was knocked down in monocytes with
lentiviral shRNA specific for Beclin-1, Atg5, or control shRNA
followed by stimulation with rIFN-g for 24 hours. Percent
LC3-positive cells was determined (mean ± SEM, n = 4). (E)
Monocytes were incubated with rIFN-g in the presence or ab-
sence of VAZ (1, 10, or 100 nM) for 24 hours and labeled as in
(A). Representative immunofluorescence pictures of LC3 punc-
tate cells are shown. IPA, isopropyl alcohol. (F) LC3 punctate cells
were quantified (mean of percent positive cells ± SEM, n = 5). (G)
Monocytes were stimulated with IFN-g for 24 hours in 10% vi-
tamin D–sufficient human serum, loaded with LysoTracker (green),
and stained for LC3 (red). Representative immunofluorescence
images of three independent replicates are shown. TRITC,
tetramethylrhodamine isothiocyanate. (H) Human MDMs were
infected with FITC–M. tuberculosis (green) for 4 hours, washed,
and stimulated with rIFN-g in the presence or absence of VAZ
(1, 10, or 100 nM) for 30 hours. Lysosomes were stained with
LysoTracker (red), and cells were fixed. Representative fluorescence-
merged images are shown. (I) Quantitative analysis for (H)
(mean ± SEM, n = 6). *P < 0.05; **P < 0.01.
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M. tuberculosis and then treated with rIFN-g in 10% vitaminD–sufficient
human serum or 10% vitamin D–deficient human serum in the same
experiments. Treatment of infected human monocytes with IFN-g in
the presence of vitaminD–sufficient serum resulted in significant growth
inhibition of virulentM. tuberculosis, as evidenced by the decreased num-

ber of viableM. tuberculosis bacilli recovered compared to untreated cells
(Fig. 5E, P < 0.001). In contrast, IFN-g, in the presence of vitamin
D–deficient serum, had little or no effect on the bacterial viability.

Next, we infected MDMs with virulent M. tuberculosis and stimu-
lated the infected cells with IFN-g in 10% vitamin D–sufficient human

Fig. 5. IFN-g induction
of antimicrobial response
is dependent on the con-
centration of serum vita-
min D. (A) Concentrations
of25Dof individualseraob-
tained from white (n = 4)
and African-American
(n = 4) donors were mea-
sured (mean 25D serum
amounts ± SEM). Mono-
cytes were cultured with
10% serum from either
white or African-American
individuals and stimulated
with IFN-g for 20 hours.
Cathelicidin and DEFB4
gene expression was de-
termined by qPCR (mean
fold change ± SEM). (B)
Monocyteswere cultured
in vitamin D–sufficient
(25D = 98 nM) or vitamin
D–deficient (25D=45nM)
pooled human serum
(HuS) and stimulatedwith
rIFN-g for 20 or 24 hours.
Cathelicidin and DEFB4
gene expression was de-
termined by qPCR (mean
fold change ± SEM, n = 3
to 4). (C) Monocytes were
cultured in 10% vitamin
D–deficient serum (25D =
45 nM), with or without
the addition of 25D3 to
reach sufficient concen-
trations, and stimulated
with rIFN-g. Concentrations
of cathelicidin andDEFB4
geneexpressionweremea-
sured at 20 or 24 hours
(mean fold change ± SEM,
n = 3 to 4). (D) MDMs
were cultured in 10% vi-
tamin D–sufficient serum
(25D = 98 nM) or vitamin
D–deficient serum (25D=
45 nM), with or without
the addition of 25D3 to
reach sufficient concen-
trations, and stimulated
with rIFN-g. Cathelicidin
and DEFB4 gene expres-
sion was measured at 20 to 24 hours (mean fold change ± SEM, n = 5 to 6).
(E and F) Primary human monocytes (E) and MDMs (F) were infected with
M. tuberculosis H37Rv and cultured with medium or rIFN-g in 10% vitamin

D–sufficient (25D=98nM) or vitaminD–deficient (25D=45nM)human serum.
ViablebacteriawerequantifiedbyCFUassay after days 0 and3 (E) or days 0 and
5 (F) (mean ± SEM, n = 9). *P < 0.05; **P < 0.01; ***P < 0.001. ns, not significant.
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serum or 10% vitamin D–deficient human serum in the same ex-
periments. IFN-g treatment of M. tuberculosis–infected MDMs using
vitamin D–sufficient human serum resulted in a 90% reduction of
M. tuberculosis growth at 3 days, relative to untreated cells (Fig. 5F,
P < 0.01). Markedly, IFN-g treatment resulted in an 85% reduction in
M. tuberculosis compared to the initial inoculum (Fig. 5F, P < 0.001),
formally demonstrating that IFN-g induced killing of the bacteria. In
contrast, IFN-g treatment of MDM using vitamin D–deficient serum
had little effect on the bacterial viability (Fig. 5F); however, antimicro-
bial activity could be restored by in vitro supplementation of vitamin
D–deficient serum with 25D3 (fig. S7). These data reveal a marked
difference in IFN-g–induced antimicrobial activity against intracellular
M. tuberculosis depending on the serum 25D concentration. Further-
more, these in vitro data are consistent with abundant clinical evi-
dence that links low amounts of serum 25D to both tuberculosis
disease susceptibility and progression (47–50).

DISCUSSION

Our data define one mechanism of IFN-g–triggered antimicrobial
killing in human cells of the monocyte/macrophage lineage: Activa-
tion of vitamin D–dependent effector pathways results in the produc-
tion of antimicrobial peptides and induction of autophagy. The innate
(TLR) and acquired (IFN-g–dependent) mechanisms activate different
receptors and different signaling pathways, MyD88 and STAT1, re-
spectively (Fig. 6); yet, they converge on IL-15 production and the

downstream 25D-dependent antimicrobial peptide pathway. These re-
sults emphasize the general importance of the vitamin D–dependent
antimicrobial mechanism, which appears to have evolved in both innate
and acquired immune responses in humans (18, 19, 23) through dif-
ferent signaling pathways, to converge on a common effector mechanism.
Additional mechanisms may also contribute to IFN-g and/or other T
cell induction of antimicrobial activity, such as granulysin (51) and
ubiquitin- or autophagy-derived peptides (39).

We propose a model (Fig. 6) for IFN-g–induced antimicrobial ac-
tivity in human cells of the monocyte/macrophage lineage as follows:
IFN-g induction of IL-15 is required for up-regulation of CYP27b1,
which results in intracellular conversion of 25D to the bioactive 1,25D,
which triggers activation of the VDR, which is required for down-
stream induction of antimicrobial peptides, autophagy, and phagosome
maturation, contributing to the antimicrobial response. Previously,
IFN-g has been shown to up-regulate CYP27B1 activity, but the re-
quirement for IL-15 in mediating this induction was not known (22).
Evidence for the key role of the IFN-g–induced autocrine conversion
of 25D to 1,25D in the induction of an antimicrobial pathway is dem-
onstrated by two experiments: (i) siRNA knockdown of CYP27B1
inhibited IFN-g–induced cathelicidin and DEFB4, and (ii) in vitro sup-
plementation of vitamin D–deficient serum with 25D was able to re-
store IFN-g–induced antimicrobial peptide expression. Up-regulation
and/or expression of the VDR were also required for IFN-g induction
of antimicrobial peptides because induction was not observed when
blocking the VDR by either siRNA knockdown or addition of a phar-
macologic antagonist.

We also observed that IFN-g ac-
tivation of human monocytes led to
the vitamin D–dependent induction
of autophagy, autophagolysosomal
fusion, and phagosome maturation
of M. tuberculosis–infected macro-
phages. These processes facilitate
delivery of antimicrobial effector
molecules including antimicrobial
peptides (42) and ubiquitinated pep-
tides (39) toM. tuberculosis–containing
vesicles, which otherwise block lyso-
somal fusion. Autophagy also has
the capacity to envelop pathogens
that escape vacuoles and penetrate
into the cytoplasm as has been re-
ported to occur withM. tuberculosis
(36, 52–55). IFN-g–induced auto-
phagy was dependent on the expres-
sion of Atg5 and Beclin-1. Previously,
Yuk et al. have shown that catheli-
cidin is required for 1,25D-induced
gene expression of Atg5 and Beclin-1;
however, the mechanism is not
known (42).

IFN-g induction of antimicrobial
peptides and antimicrobial activity
against intracellular M. tuberculosis
was only detected in the presence
of vitamin D–sufficient but not vita-
min D–deficient serum. Previously,

Fig. 6. IFN-g induces an antimicrobial pathway in human monocytes/macrophages. This model shows that
STAT1-dependent induction of IL-15 by IFN-g leads to the up-regulation of VDR and CYP27b1. CYP27b1 hydroxyl-
ates the inactive form of vitamin D (25D) into the active form (1,25D), which mediates the up-regulation of anti-
microbial peptides cathelicidin and DEFB4. The intracrine-produced 1,25D also triggers autophagy, which
overcomes the M. tuberculosis–induced phagosome maturation block, leading to autophagolysosomal fusion
and antimicrobial activity against M. tuberculosis.
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we demonstrated that the expression of both cathelicidin and DEFB4 was
required for TLR-induced antimicrobial response against M. tuberculosis
(56). Our present data indicate that the treatment of M. tuberculosis–
infected macrophages with IFN-g resulted in 85% reduction in colony-
forming units (CFU) relative to the initial infection, thus establishing
killing of the pathogen, but only in the presence of vitamin D–sufficient
serum. Together, the proposed model explains the requirement for vi-
tamin D in the IFN-g–mediated antimicrobial activity of human cells
of the monocytes/macrophage lineage.

The present results provide at least one explanation for a funda-
mental difference in antimicrobial mechanisms seen between mice
and humans. The IFN-g–induced antimicrobial pathway described
here is vitamin D–dependent in humans but not in the mouse. The
human promoter of cathelicidin contains three vitamin D response
elements (VDREs), whereas the promoter of the murine homolog does
not contain a single VDRE (57). In addition, the human promoter of
DEFB4 contains one VDRE (19), whereas there is no mouse homolog
for this gene. Therefore, the biological significance of the IFN-g–induced,
vitamin D–dependent antimicrobial pathway must be investigated in
human cells and simply cannot be studied in a mouse model. The
evolution of distinct antimicrobial mechanisms makes sense teleologi-
cally as well because mice are nocturnal animals and humans are not,
and the amount of vitamin D increases with sun exposure.

These findings may contribute to a conceptual framework for un-
derstanding the different roles of the innate and acquired immune re-
sponses in responding to intracellular pathogens such asM. tuberculosis.
The innate immune response requires that each infected cell be indi-
vidually activated via pattern recognition receptors such as TLRs. Al-
though such activation is rapid, it is not optimally efficient, in that
protection is likely to be effective mostly early where the number of in-
vading pathogens is low. In humans, the infectious dose ofM. tuberculosis
required to initiate diseases is thought to be only a few bacilli. In con-
trast, although the acquired immune response requires longer time to de-
velop, it has the great virtue of amplifying the host antimicrobial
response by (i) expanding the number of antigen-specific T cells;
(ii) providing for the “elaboration of soluble factors,” such as IFN-g
(58), that in a paracrine fashion acts on other cells in the inflammatory
microenvironment, such as the granuloma; and (iii) providing long-
term memory. Although the innate and acquired immune responses
can activate the vitamin D antimicrobial pathway independently, they
also may contribute additively or synergistically as shown for the abil-
ity of IFN-g to enhance TLR2/1L responses (23). The fact that only
about 10% of immunocompetent individuals infected withM. tuberculosis
develop active disease is a testimony to the effectiveness of the human
innate and acquired immune responses and the common vitamin
D–dependent antimicrobicidal mechanism they share. In these indivi-
duals, vitamin D deficiency or certain VDR polymorphisms may con-
tribute to the failure of the human innate and acquired immune
responses to provide complete protection against tuberculosis.

Because vitamin D production is dependent on exposure to UV
light, vitamin D deficiency is increased in dark-skinned populations
including African-Americans, who are known to have increased sus-
ceptibility to tuberculosis and other infectious diseases (45, 59–64).
Our data demonstrate that sera from white individuals with suffi-
cient amounts of vitamin D, but not sera from African-Americans with
lower amounts of 25D, could support IFN-g–induced antimicrobial
peptide expression. The identical correlation of ethnicity and 25D
amount was previously shown for TLR-induced cathelicidin mRNA

(18). Therefore, vitamin D deficiency may compromise both the in-
nate and the acquired antimicrobial host defense pathways against
tuberculosis infection and likely other infections known to be greater
in blacks (65).

The data indicating that addition of 25D3 to vitamin D–deficient
serum restored IFN-g–induced antimicrobial peptide expression, au-
tophagolysosomal fusion, phagosome maturation, and antimicrobial
killing are consistent with the clinical improvement observed in tuber-
culosis patients supplemented with vitamin D (66, 67). At a time when
multidrug-resistant, extensively drug-resistant, and totally drug-resistant
forms of tuberculosis are emerging threats, understanding how to en-
hance both innate and acquired host immunity is of enormous inter-
est. The present findings underscore the importance of maintaining
adequate amounts of vitamin D in all human populations, either nat-
urally or by supplementation, for sustaining both innate and acquired
immunity against infection. The dependence of the IFN-g–induced
antimicrobial pathway on adequate amounts of vitamin D provides
a rationale for translation to larger-scale clinical trials testing the efficacy
of vitamin D supplementation to both prevent and treat tuberculosis.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/104/104ra102/DC1
Materials and Methods
Fig. S1. Correlation between T cell–secreted IL-10 and IL-17 and induction of antimicrobial
peptides.
Fig. S2. IFN-g induces genomic targets in human monocytes.
Fig. S3. IFN-g induces IL-15 mRNA and cell surface protein expression.
Fig. S4. IFN-g induces antimicrobial response in M. tuberculosis–infected monocytes.
Fig. S5. Effect of serum concentration, heat inactivation, and type of serum on IFN-g–induced
antimicrobial response.
Fig. S6. Effect of 25D supplementation of vitamin D–deficient serum on autophagy and auto-
phagosome maturation in M. tuberculosis–infected macrophages.
Fig. S7. Effect of 25D supplementation of vitamin D–deficient serum on antimicrobial activity
of M. tuberculosis–infected macrophages.
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The host innate immune system provides a critical first line of defense 
against invading microorganisms, including pathogenic bacteria. 
Through the use of germline-encoded pattern-recognition receptors 
(PRRs), mammalian cells detect a wide variety of highly invariant 
molecular structures known as ‘pathogen-associated molecular pat-
terns’ that are often required by microbes for their survival or patho-
genicity1–3. Indeed, many bacterial pathogens use cyclic diguanosine 
monophosphate (c-di-GMP) or cyclic diadenosine monophosphate 
(c-di-AMP), two key secondary messengers with essential roles in reg-
ulating metabolism, motility and virulence4–6. During infection with 
certain bacterial species, these bacteria-derived secondary messengers 
can also act as pathogen-associated molecular patterns, triggering a 
host type I interferon innate immune response characterized by acti-
vation of the transcription factors NF- B and IRF3 (refs. 7,8).

The mechanism by which c-di-GMP and c-di-AMP activate the 
host type I interferon response remains poorly understood. Indeed, 
intracellular detection of c-di-GMP or c-di-AMP leads to activation 
of the type I interferon response in a manner independent of the 
cytoplasmic PRR RIG-I (DDX58) or its downstream adaptor IPS-1 
(MAVS, Cardif or VISA). Moreover, c-di-GMP and c-di-AMP require 
neither the adaptor MyD88 nor the adaptor TRIF, which suggests 
that the Toll-like receptor family of PRRs is also not involved in the 
detection of c-di-GMP or c-di-AMP9. However, the activation of  
type I interferons by c-di-GMP and c-di-AMP has been shown to 
require the adaptor STING (MITA, MPYS, ERIS or TMEM173), 

which suggests that these cyclic dinucleotides are detected by a PRR 
that signals via STING10,11. In response to certain viral nucleic acids 
and B-form DNA (B-DNA or poly(dA:dT)), STING functions as an 
adaptor and has been demonstrated to facilitate downstream signal 
transmission to IRF3 and NF- B12–14. Here we provide evidence that 
the PRR DDX41 (DEAD (aspartate-glutamate-alanine-aspartate)-box 
polypeptide 41) is the main sensor that directly binds to c-di-GMP or 
c-di-AMP and can trigger the type I interferon host immune response 
via STING.

RESULTS
DDX41 mediates cyclic-dinucleotide sensing in immunocytes
We stably knocked down DDX41 through the use of short hairpin 
RNA (shRNA) in the mouse splenic dendritic cell (DC) line D2SC 
(Fig. 1a) and examined the induction of interferon-  (IFN- )  
in response to c-di-GMP and c-di-AMP. Control cells infected 
with Listeria monocytogenes had a robust IFN-  response, whereas 
cells treated with DDX41-specific shRNA had a much lower IFN-  
response (Fig. 1b). Consistent with published data10,11, cells treated 
with STING-specific shRNA also had impaired induction of IFN-   
in response to L. monocytogenes (Fig. 1b). Cytoplasmic delivery of 
either c-di-GMP or c-di-AMP by lipofection also yielded strong acti-
vation of IFN-  that was much lower in cells treated with DDX41-
specific shRNA, which paralleled the impairment of cells treated 
with STING-specific shRNA (Fig. 1c,d). Induction of IFN-  by 
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The helicase DDX41 recognizes the bacterial secondary 
messengers cyclic di-GMP and cyclic di-AMP to 
activate a type I interferon immune response
Kislay Parvatiyar1,6, Zhiqiang Zhang2,6, Rosane M Teles3, Songying Ouyang4, Yan Jiang4, Shankar S Iyer1,  
Shivam A Zaver1, Mirjam Schenk3, Shang Zeng5, Wenwan Zhong5, Zhi-Jie Liu4, Robert L Modlin1,3,  
Yong-jun Liu2 & Genhong Cheng1

The induction of type I interferons by the bacterial secondary messengers cyclic di-GMP (c-di-GMP) or cyclic di-AMP (c-di-AMP)  
is dependent on a signaling axis that involves the adaptor STING, the kinase TBK1 and the transcription factor IRF3. Here 
we identified the heliase DDX41 as a pattern-recognition receptor (PRR) that sensed both c-di-GMP and c-di-AMP. DDX41 
specifically and directly interacted with c-di-GMP. Knockdown of DDX41 via short hairpin RNA in mouse or human cells inhibited 
the induction of genes encoding molecules involved in the innate immune response and resulted in defective activation of STING, 
TBK1 and IRF3 in response to c-di-GMP or c-di-AMP. Our results suggest a mechanism whereby c-di-GMP and c-di-AMP are 
detected by DDX41, which forms a complex with STING to signal to TBK1-IRF3 and activate the interferon response.
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the synthetic DNA poly(dA:dT) was impaired in cells treated with 
DDX41-specific shRNA, but induction of IFN-  by the RNA ligand 
poly(I:C) was not (Supplementary Fig. 1a,b), which demonstrated 
the specificity of DDX41 for c-di-GMP, c-di-AMP and B-DNA. Type I  
interferons mediate the innate immune response via the receptor for 
IFN- / , whereby ligation of the receptor leads toward the activation 
of hundreds of interferon-stimulated genes15. Both c-di-GMP and 
c-di-AMP activated the interferon-stimulated gene Mx1 in control 
cells; however, the induction of Mx1 was much lower in cells treated 
with DDX41- or STING-specific shRNA (Fig. 1e,f ). Similarly, the 
c-di-GMP-mediated activation of other interferon-stimulated genes 
was also impaired in cells treated with DDX41-specific shRNA 
(Supplementary Fig. 1c–f ). These results indicated a critical role for 
DDX41 in cyclic dinucleotide–mediated activation of type I interferon 

and interferon-mediated signaling. The cytosolic detection of bacte-
rial secondary messengers also leads to the activation of NF- B, a 
key transcription factor important for the induction of proinflam-
matory cytokines such as interleukin 6 (IL-6) and tumor-necrosis 
factor16. We found that expression of the genes encoding IL-6 and 
tumor-necrosis factor was much lower in cells treated with DDX41-
specific shRNA than in cells treated with control shRNA, when the 
cells were also treated with c-di-GMP and/or c-di-AMP (Fig. 1g,h 
and Supplementary Fig. 1g).

To determine whether DDX41 mediates the sensing of c-di-GMP 
and c-di-AMP and activation of type I interferon in human cells, we 
stably knocked down DDX41 through the use of shRNA in the human 
monocyte cell line THP-1 (Fig. 1i). Consistent with our findings 
obtained with mouse cells, both c-di-GMP and c-di-AMP induced 

a
shRNA: Ctrl DDX41

-a

DDX41
-b

DDX41
-c

DDX41

GAPDH

ec db

CtrlUS a b c

800
700
600
500
400
300
200
100

0

L. monocytogenes

DDX41-

IF
N

-
 (

pg
/m

l)

CtrlUS a b c

2,000
1,800
1,600
1,400
1,200
1,000

800
600
400
200

0

DDX41-

c-di-GMP

IF
N

-
 (

pg
/m

l)

1,000

CtrlUS a b c

DDX41-

c-di-AMP

IF
N

-
 (

pg
/m

l) 900
800
700
600
500
400
300
200
100

0

Ctrl

DDX41

D
d

x4
1 

(f
ol

d)

1.2
1.0
0.8
0.6
0.4
0.2

0

f
L. monocytogenes

CtrlUS

DDX41

Ifn
b

 (
fo

ld
)

200
180
160
140
120
100

80
60
40
20

0

g
c-di-GMP

CtrlUS

DDX41

Ifn
b

 (
fo

ld
 

10
2 ) 18

16
14
12
10
8
6
4
2
0

h

Ctrl

DDX41

D
D

X
41

 (
fo

ld
)

1.2
1.0
0.8
0.6
0.4
0.2

0

i
L. monocytogenes

CtrlUS

DDX41

IF
N

B
 (

fo
ld

)

45
40
35
30
25
20
15
10
5
0

j
c-di-GMP

CtrlUS

DDX41

IF
N

B
 (

fo
ld

)

18
16
14
12
10
8
6
4
2
0

Figure 2 Cyclic dinucleotides activate  
interferon via DDX41 in primary cells.  
(a) Immunoblot analysis of DDX41 in  
primary mouse BMDCs treated with  
control shRNA or shRNA targeting DDX41  
(three shRNAs: DDX41-a, DDX41-b and  
DDX41-c); GAPDH serves as a loading  
control. (b–d) ELISA of IFN-  BMDCs  
treated with shRNA as in a and stimulated for  
16 h with L. monocytogenes (b), c-di-GMP (c) or  
c-di-AMP (d). (e–g) Quantitative PCR analysis of Ddx41 mRNA (e) or Ifnb mRNA (f,g) in primary mouse peritoneal macrophages transfected with 
control siRNA or siRNA targeting DDX41, then given no further treatment (e) or stimulated for 6 h with L. monocytogenes (f) or c-di-GMP (g); results 
are presented relative to those of Rpl32 mRNA. (h–j) Quantitative PCR analysis of DDX41 mRNA (h) and IFNB mRNA (i,j) in primary human PBMCs 
transfected and stimulated as in e (h), f (i) or g (j); results are presented relative to those of mRNA encoding ribosomal protein 36B4). Data are 
representative of at least two independent experiments (error bars (b–j), s.e.m.).
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Figure 1 The c-di-GMP- and c-di-AMP-mediated induction of the innate immune response in mouse DCs and human monocytes requires DDX41.  
(a) Immunoblot analysis of DDX41 and STING in D2SC mouse DCs treated with nontargeting scrambled shRNA (control (Ctrl)) or shRNA targeting 
DDX41 or STING (above lanes); tubulin serves as a loading control. (b–d) Quantitative PCR analysis of Ifnb mRNA in D2SC cells treated with control 
shRNA and left unstimulated (US) or treated with control shRNA or DDX41- or STING-specific shRNA and stimulated for 6 h with L. monocytogenes (b), 
c-di-GMP (c) or c-di-AMP (d); results are presented relative to those of Rpl32 mRNA (which encodes the ribosomal protein L32). (e–h) Quantitative PCR 
analysis of Mx1 mRNA (e,f) and Il6 mRNA (g,h) in D2SC cells treated with shRNA as in b–d and left unstimulated or stimulated with c-di-GMP (e,g) 
or c-di-AMP (f,h); results are presented relative to those of Rpl32 mRNA. (i) Immunoblot analysis of DDX41 and STING in THP-1 monocytes treated 
with control shRNA or shRNA targeting DDX41 (two shRNAs: DDX41-a and DDX41-b) or STING; -actin serves as a loading control. (j,k) Enzyme-linked 
immunosorbent assay (ELISA) of IFN-  in THP-1 monocytes treated with shRNA as in i and left unstimulated or stimulated for 16 h with c-di-GMP (j) or 
c-di-AMP (k). Data are representative of at least three independent experiments (error bars (b–h,j,k), s.e.m.).
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the production of IFN-  in THP-1 cells treated with control shRNA, 
whereas c-di-GMP- or c-di-AMP-mediated production of IFN-  was 
very defective in THP-1 cells treated with DDX41- or STING-specific 
shRNA (Fig. 1j,k). The induction of interferon-stimulated genes in 
response to c-di-GMP was also impaired in THP-1 cells treated with 
DDX41-specific shRNA (Supplementary Fig. 1h–l). In addition, the 
DDX41-STING signaling axis was required for the induction of IFN-   
in THP-1 cells stimulated with B-DNA (Supplementary Fig. 1m). 
These results suggested that DDX41 functioned in regulating the 
induction of genes encoding type I interferons and proinflamma-
tory molecules in response to cyclic dinucleotides in both mouse and 
human cells.

DDX41 mediates cyclic-dinucleotide sensing in primary cells
We also examined the role of DDX41 in facilitating the activation 
of type I interferon induced by c-di-GMP or c-di-AMP in primary 
cells. We prepared BMDCs (mouse DCs derived from bone mar-
row through the use of granulocyte-macrophage colony-stimulating  
factor) and transfected the cells with shRNA targeting DDX41 
(Fig. 2a). BMDCs treated with control shRNA and infected with  
L. monocytogenes had robust production of IFN- , much greater than 
that of BMDCs treated with DDX41-specific shRNA and infected 
similarly (Fig. 2b). Stimulation with c-di-GMP or c-di-AMP also 
induced the production of IFN-  in BMDCs treated with control 

shRNA, whereas IFN-  production was considerably impaired in 
BMDCs treated with DDX41-specific shRNA and stimulated similarly 
(Fig. 2c,d). Similarly, thioglycollate-elicited primary mouse perito-
neal macrophages transfected with small interfering RNA (siRNA) 
targeting DDX41 (Fig. 2e) had less activation of IFN-  in response to 
infection with L. monocytogenes or stimulation with c-di-GMP than 
did cells transfected with control siRNA and infected or stimulated 
similarly (Fig. 2f,g). Consistent with that, the induction of Mx1 and 
Il6 was also impaired in peritoneal macrophages transfected with 
DDX41-specific siRNA and infected with L. monocytogenes or treated 
with c-di-GMP (Supplementary Fig. 2a–d).

To determine whether DDX41 has a role in sensing c-di-GMP in 
primary human cells, we transfected peripheral blood mononuclear 
cells (PBMCs) with siRNA specific for DDX41 (Fig. 2h). Whereas 
transfection of PBMCs with control siRNA followed by infection with  
L. monocytogenes or treatment with c-di-GMP elicited activation of 
IFN- , PBMCs transfected with DDX41-specific siRNA showed defec-
tive IFN-  activation in response to L. monocytogenes or c-di-GMP 
(Fig. 2i,j). PBMCs obtained from two additional human donors and 
transfected with DDX41-specific siRNA had similarly lower IFN-  acti-
vation (Supplementary Fig. 2e,f). These results further indicated a criti-
cal role for DDX41 in facilitating type I interferon responses induced by 
c-di-GMP or c-di-AMP in primary cells of the immune system.
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DDX41 is a direct sensor of c-di-GMP
DDX41 is known not only to signal via STING to activate type I inter-
feron but also to function as a PRR that directly binds viral DNA 
and B-DNA17. We therefore investigated whether DDX41 functions 
as a direct sensor (PRR) for c-di-GMP or c-di-AMP. Biotin-labeled 
c-di-GMP or c-di-AMP precipitated ectopically expressed DDX41 
from lysates of human embryonic kidney 293T cells (Fig. 3a and 
Supplementary Fig. 3a). Immunofluorescence microscopy further 
showed that DDX41 and c-di-GMP localized together after transfection 
of D2SC cells with expression vector for DDX41 and with biotinylated 
c-di-GMP (Fig. 3b). In addition, we found that DDX41 purified from 
Escherichia coli through the use of glutathione S-transferase or histi-
dine directly bound c-di-GMP (Fig. 3c and Supplementary Fig. 3b). 
The interaction of c-di-GMP with DDX41 was specific, as only unla-
beled c-di-GMP, c-di-AMP and poly(dA:dT) (B-DNA) competitively 
disrupted the DDX41–c-di-GMP interaction, but poly(I:C) did not 
(Fig. 3d). Furthermore, the structurally similar molecules GMP 
and AMP also disrupted the DDX41–c-di-GMP complex, but the  
c-di-GMP and c-di-AMP precursors GTP and ATP, respectively, did 
not (Supplementary Fig. 3c).

To determine whether the binding of c-di-GMP was specific to 
DDX41, we assessed the binding of c-di-GMP to DDX58, another 

 helicase PRR. We found that c-di-GMP bound to DDX41 but 
showed no interaction with DDX58 (Supplementary Fig. 3d). To 
define which domain of DDX41 was important for the binding of 
c-di-GMP or c-di-AMP, we used a series of deletion mutants of 
DDX41 (Fig. 4a,b) and evaluated their interaction with biotinylated 
c-di-GMP or c-di-AMP in 293T cells. We found that c-di-GMP and 
c-di-AMP did not interact with DDX41 lacking the central DEAD-
box domain (Fig. 4c,d). To determine the physiological relevance 
of this domain in terms of the induction of type I interferon, we 
treated THP-1 cells with DDX41-specific shRNA and reconstituted 
the cells with either full-length DDX41 or the DDX41 deletion 
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mutant lacking the DEAD-box domain (Fig. 4e). As expected, cells 
treated with DDX41-specific shRNA had less production of IFN-  
in response to c-di-GMP or c-di-AMP than did cells treated with 
control shRNA (Fig. 4f,g). However, in cells treated with DDX41-
specific shRNA, reconstitution with full-length DDX41 restored 
IFN-  production in response to stimulation with c-di-GMP or 
c-di-AMP, but reconstitution with the DDX41 deletion mutant 
lacking the DEAD-box domain did not (Fig. 4f,g). Thus, the cyclic 
dinucleotide–mediated induction of IFN-  required the central 
DEAD-box domain of DDX41.

Requirement for DDX41 in cyclic dinucleotide signaling
DDX41 interacted with and localized together with STING 
(Supplementary Fig. 4a,b) to facilitate DNA ligand–dependent sig-
nal transduction17. The introduction of either c-di-GMP or c-di-AMP 
into D2SC cells led to enhanced formation of the DDX41-STING 
complex (Fig. 5a). In DNA-dependent signaling pathways, STING 
further binds to the downstream kinase TBK1 to activate the type I 
interferon response18,19. When transfected into control D2SC cells, 
both c-di-GMP and c-di-AMP activated formation of the STING-
TBK1 complex; however, c-di-GMP- or c-di-AMP-mediated activa-
tion of the STING-TBK1 complex was almost completely abrogated 
in cells treated with DDX41-specific shRNA (Fig. 5b). Consequently, 
c-di-GMP- or c-di-AMP-mediated activation of TBK1, IRF3 and the 
downstream type I interferon effector STAT1 was impaired in cells 
treated with DDX41-specific shRNA (Fig. 5c and Supplementary 
Fig. 5). Activation of NF- B was also impaired in cells treated with 
DDX41-specific shRNA in response to either c-di-GMP or c-di-AMP 
(Fig. 5c). Together our findings suggested that DDX41 was a critical 
PRR for c-di-GMP- and c-di-AMP-mediated induction of interferon 
and that its absence generated a defect in downstream STING-
dependent signaling.

Signaling by c-di-GMP to STING via DDX41
A published study has shown that c-di-GMP binds to the carboxy-
terminal domain of STING (amino acids 139–379) and suggested that 
STING might function as an immunological sensor of c-di-GMP20.  
We therefore used binding assays to determine the affinity of c-di-GMP  
or c-di-AMP for DDX41 and for STING in parallel. Biotin-labeled  
c-di-GMP precipitated more ectopically expressed DDX41 than 
ectopically expressed STING from lysates of 293T cells (Fig. 6a), 
indicative of the greater affinity of c-di-GMP for DDX41 than for 

STING. Physiologically, the binding of c-di-GMP to endogenous 
DDX41 was also greater than the association of c-di-GMP with 
endogenous STING (Fig. 6b). Immunofluorescence imaging further 
showed more colocalization of c-di-GMP and DDX41 (34.13%) than 
of c-di-GMP and STING (6.25%; Fig. 6c). We also used affinity capil-
lary electrophoresis to examine the binding affinity of c-di-GMP for 
recombinant DDX41 or a recombinant carboxy-terminal domain of 
STING. We found that c-di-GMP bound DDX41 with a dissocia-
tion constant of ~5.65 M, whereas c-di-GMP associated with the 
carboxy-terminal domain of STING with a dissociation constant of 
~14.54 M (Fig. 6d). Consistent with those findings, in precipitation 
binding assays, c-di-GMP bound with stronger affinity to purified 
recombinant DDX41 than to the purified recombinant carboxy- 
terminal domain of STING (Fig. 6e). We therefore hypothesized 
that DDX41 was the main sensor of c-di-GMP and c-di-AMP and 
operated upstream of STING, and after binding those pathogen- 
associated molecular patterns, yielded enhanced complex formation 
with STING to facilitate downstream signaling and activation of  
type I interferon (Supplementary Fig. 6).

In agreement with those findings, c-di-GMP was considerably 
impaired in its ability to associate with ectopically expressed STING 
in 293T cells transfected with siRNA targeting DDX41 (Fig. 7a). 
Consistent with that, the localization of c-di-GMP together with 
STING was much lower in cells treated with DDX41-specific shRNA, 
whereas DDX41–c-di-GMP interactions remained intact in cells 
treated with STING-specific shRNA (Fig. 7b,c). Together, our findings 
indicated that DDX41 was the main PRR for c-di-GMP and c-di-AMP  
and signaled via STING for the induction of type I interferon.

DISCUSSION
Many bacterial pathogens, including Staphylococcus, Streptococcus, 
Pseudomonas, Yersiniae, Listeria and Mycobacteria species, use key sec-
ondary messengers such as c-di-GMP or c-di-AMP, which have essen-
tial modulatory roles in bacteria4,7. Although several substrates and 
effectors have been identified for these cyclic dinucleotide monophos-
phate species in the bacterial cell, understanding of how these bacteria- 
specific secondary messengers modulate the innate immune response 
in the mammalian host cell is just beginning to emerge. Both  
c-di-GMP and c-di-AMP activate the host type I interferon response 
in a manner dependent on STING10,11, and our findings have indi-
cated that the DNA sensor and helicase DDX41 functioned as a direct 
PRR for these cyclic dinucleotides in both mouse and human cells. 
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Our results have shown that unlabeled c-di-GMP or c-di-AMP dis-
rupted the DDX41–c-di-GMP interaction. We found that GMP and 
AMP also competitively disrupted the DDX41–c-di-GMP complex, 
but the bulkier GTP or ATP did not. Although two molecules of 
GMP or of AMP are structurally similar to c-di-GMP or c-di-AMP, 
respectively, they are not known to function as pathogen-associated 
molecular patterns in mammalian cells9. It will therefore be of further 
interest to determine how these species serve a modulatory role in the 
type I interferon response. Our competition experiments addition-
ally showed that B-DNA disrupted the DDX41–c-di-GMP complex. 
Indeed, DDX41 has been shown to function as a sensor for B-DNA 
as well17. The mechanism by which DDX41 binds B-DNA, as well as 
cyclic dinucleotides, as demonstrated by co-crystallization studies and 
point-mutation analysis, requires further investigation.

Our results additionally indicated that the activation of innate 
signaling and induction of type I interferons mediated by c-di-GMP 
and c-di-AMP were similarly defective in cells in which DDX41 or 
STING had been knocked down, which suggested that DDX41 and 
STING share a common signaling pathway. STING-deficient cells 
had a very modest defect in the activation of NF- B in response to 
c-di-GMP or c-di-AMP. The reason for this phenomenon is not 
entirely clear10; however, it may be possible that there is redundancy 
or compensation in signaling to NF- B. Another DNA sensor, IFI16 
(p204), has also been shown to facilitate some viral DNA–triggered 
signaling via the STING adaptor21,22. Although the possibility of a 
role for IFI16 in the c-di-GMP and c-di-AMP signaling pathway 
cannot be ruled out, it is unlikely that IFI16 functions as a chief 
sensor for these molecules, as its basal expression is low and it is 
induced in a type I interferon–dependent manner. The expression of 
DDX41, in contrast, is greater in the basal state and is not modulated 
by type I interferons17.

Our data suggested that DDX41 served as the PRR for c-di-GMP 
and c-di-AMP, which, after binding to the receptor, signaled to 
TBK1-IRF3 via STING. Lending further credibility to the proposal 
that it serves as a scaffolding molecule, STING has been shown to 
bridge TBK1-IRF3 interactions for optimal signaling23. Nevertheless, 
consistent with a published report20, we also found that c-di-GMP 
associated with STING; however, the interaction of c-di-GMP with 
DDX41 was much greater. Although the physiological relevance of 
this interaction requires further investigation, our data have shown 
that the interaction of c-di-GMP with STING was substantially 
enhanced in the presence of DDX41 in cells. The solved struc-
ture of the carboxy-terminal domain of STING in complex with  
c-di-GMP has shown that one molecule of c-di-GMP binds one dimer 
of STING24–28. We propose that the detection of c-di-GMP and its 
binding to DDX41 promote enhanced DDX41-STING interactions, 
leading to an increase in the binding affinity of STING for c-di-GMP, 
which ultimately drives downstream signaling events. Thus, STING 
may function as a secondary receptor or coactivator in the cyclic-
dinucleotide signaling pathway.

The importance of the induction of type I interferon in the context 
of antibacterial innate immunity is unclear and somewhat contro-
versial at present, particularly because of conflicting reports about 
whether type I interferon functions to support or to inhibit bacterial 
growth29–32. It will therefore be of interest to further study how vari-
ous bacteria and host cells use secondary messengers and DDX41 as 
virulence factors and receptors of the innate immune system, respec-
tively, in their battle of infection and immunity33–35. Thus, cyclic-
dinucleotide species and DDX41 represent new targets for modulation 
of their interaction during certain bacterial infections to alter the host 
immune response to suppress bacterial replication and spread.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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Type I Interferon Suppresses Type II
Interferon–Triggered Human
Anti-Mycobacterial Responses
Rosane M. B. Teles,1 Thomas G. Graeber,4 Stephan R. Krutzik,1 Dennis Montoya,1 Mirjam Schenk,1

Delphine J. Lee,5 Evangelia Komisopoulou,4 Kindra Kelly-Scumpia,1 Rene Chun,3 Shankar S. Iyer,2

Euzenir N. Sarno,6 Thomas H. Rea,7 Martin Hewison,3 John S. Adams,3 Stephen J. Popper,8

David A. Relman,8,9 Steffen Stenger,10 Barry R. Bloom,11 Genhong Cheng,2 Robert L. Modlin1,2*

Type I interferons (IFN-a and IFN-b) are important for protection against many viral infections,
whereas type II interferon (IFN-g) is essential for host defense against some bacterial and parasitic
pathogens. Study of IFN responses in human leprosy revealed an inverse correlation between IFN-b
and IFN-g gene expression programs. IFN-g and its downstream vitamin D–dependent antimicrobial
genes were preferentially expressed in self-healing tuberculoid lesions and mediated antimicrobial
activity against the pathogen Mycobacterium leprae in vitro. In contrast, IFN-b and its downstream
genes, including interleukin-10 (IL-10), were induced in monocytes by M. leprae in vitro and
preferentially expressed in disseminated and progressive lepromatous lesions. The IFN-g–induced
macrophage vitamin D–dependent antimicrobial peptide response was inhibited by IFN-b and by
IL-10, suggesting that the differential production of IFNs contributes to protection versus pathogenesis
in some human bacterial infections.

The identification of mechanisms of host
resistance versus susceptibility is central to
our ability to develop new approaches to

prevent and/or treat human infectious diseases.
In most instances, the human immune response
restricts the infection, preventing or limiting the

Fig. 4. Distal cells express markers of epiblast stem cell fate. (A) Selected
frames from time-lapse imaging of a dividing Oct4-Venus reporter ES cell
cocultured with a Wnt3a bead (indicated by a dashed yellow circle). (B) Divisions
of Oct4-Venus ES cells cocultured with Wnt3a or Wnt5a beads were classified
based on the relative expression of Venus, and plotted. Red bar: higher Venus
abundance in the bead-proximal cell; blue bar: similar abundance of Venus in

both cells. (C) Antibody staining for Claudin6 in an ES cell cocultured with a
Wnt3a bead. (D) Representative images of antibody staining for H3K27me3
(arrows) in LF2 female ES cells cocultured with Wnt3a or Wnt5a beads. Dividing
cells were classified based on location of the H3K27me3 stain, and plotted. Red
bar: H3K27me3 stain in the bead-proximal cell; yellow bar: H3K27me3 stain in
the bead-distal cell; blue bar: no H3K27me3 stain in any cell.

22 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org1448
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extent of disease. However, in some individuals
the infection is not contained and instead pro-
gresses. Protective immunity against many intra-
cellular bacteria depends on type 1 helper (TH1)
T cell responses, in particular the production of
the type II interferon (IFN), IFN-g, which can
activate antimicrobial responses (1). However,
the induction of type I IFNs, important for host
defense against viral infections, is ineffective in
the context of bacterial pathogens (2), such as

Mycobacterium tuberculosis, and is associated
with a greater extent of disease (3). These clinical-
immunological correlations suggest that type I
IFNs can suppress IFN-g–induced antimicrobial
responses in humans.

To explore the mechanisms by which type I
IFNs may suppress IFN-g–induced host defense
responses, we chose leprosy, a disease of skin
and nerves caused by the intracellular pathogen
Mycobacterium leprae, as a model for under-
standing the dynamics of immune responses in
skin lesions. The clinical presentations of leprosy
compose a spectrum that correlates with the
type of immune response induced. In the self-
healing tuberculoid (T-lep) form, the host immune
response is able to effectively combat the patho-
gen, there are few skin lesions, and bacteria are
rare. In the disseminated lepromatous (L-lep)
form, the host immune response fails, resulting
in numerous skin lesions characterized by abun-
dant intracellular bacilli. T-lep lesions express TH1
cytokines including IFN-g, whereas L-lep lesions
are characterized by TH2 cytokines as well as
interleukin-10 (IL-10) (4). Reversal reactions (RRs)
represent a shift from the L-lep toward the T-lep
form, accompanied by a reduction of bacilli in le-
sions and enhanced TH1 cytokine responses (5).

The gene expression profiles of skin lesions
from leprosy lesions were first evaluated by prin-
cipal component analysis and hierarchical clus-

tering analysis (Fig. 1, A and B, and fig. S1),
both revealing a distinct gene expression profile
in L-lep lesions as compared with T-lep and RR
lesions. Although the signal for all type I IFN
mRNAs, including all 13 IFN-a genes and one
IFN-b gene, was within the microarray background
noise resulting in absent calls, integration of the
leprosy gene expression profiles with IFN-induced
transcriptional profiles in healthy human pe-
ripheral blood mononuclear cells (PBMCs) (6) re-
vealed that genes specifically induced by IFN-b,
including IL-10, were significantly enriched in the
L-lep gene expression profile. In contrast, IFN-g-
specific genes were significantly enriched in the
T-lep (Fig. 1C and fig. S2) and RR lesions (fig. S3).
The presence of a type I IFN gene expression sig-
nature in L-lep lesions was confirmed by analysis
using the “interferome” database of IFN-regulated
genes (7) (fig. S4).

An overall summation score of the IFN-b and
IFN-g profiles of each leprosy patient, calculated
by using a gene voting approach (8), revealed a
significant inverse correlation between the IFN-
inducible programs; the IFN-b profile greatest
and the IFN-g profile lowest in L-lep lesions; and
the IFN-g profile greatest and IFN-b lowest in
T-lep and RR lesions (r = –0.89, Fig. 1D). Fur-
ther analysis revealed in L-lep lesions an IFN-
b!IL-10 pathway (9), previously shown to inhibit
IFN-g activation of macrophages in a mouse model

1Division of Dermatology, David Geffen School of Medicine at
University of California, Los Angeles, CA 90095, USA. 2Depart-
ment of Microbiology, Immunology and Molecular Genetics,
David Geffen School of Medicine at University of California, Los
Angeles, CA 90095, USA. 3UCLA/Orthopedic Hospital Depart-
ment of Orthopedic Surgery, David Geffen School of Medi-
cine at University of California, Los Angeles, CA 90095, USA.
4Crump Institute for Molecular Imaging, Institute for Molec-
ular Medicine, Johnson Comprehensive Cancer Center, Cali-
fornia NanoSystems Institute, Department of Molecular and
Medical Pharmacology, University of California, Los Angeles, CA
90095, USA. 5Department of Translational Immunology, John
Wayne Cancer Institute, Santa Monica, CA, USA. 6Department
of Mycobacteriosis, Oswaldo Cruz Foundation, Rio de Janeiro,
RJ, Brazil. 7Department of Dermatology, University of Southern
California School of Medicine, Los Angeles, CA 90033, USA.
8Department of Microbiology and Immunology and Depart-
ment of Medicine, Stanford University School of Medicine,
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Fig. 1. IFN signatures in leprosy skin lesions. (A)
Unsupervised principal component analysis (PCA)
of L-lep, T-lep, and RR skin lesion gene expres-

sion profiles. Total three-dimensional PCA mapping as 81.5% of variance (PC1 = 69.5%, PC2 = 8.75%,
and PC3 = 3.25%). (B) Unsupervised clustering analysis using differentially expressed genes between
L-lep, T-lep, and RR (coefficient of variation ! 1.0). Individual squares represent the relative gene
expression intensity of the given gene (rows) in a patient (columns), with red indicating an increase in
expression and green a decrease. (C) Enrichment analysis of overlap between IFN-a–, IFN-b–, and IFN-
g–specific genes (induced and repressed; limited to genes modulated by only one IFN family mem-
ber) identified in healthy human PBMCs and L-lep– and T-lep–specific leprosy lesion transcripts (fold
change ! 1.5 and P " 0.05). Dotted lines indicate either the expected fold enrichment of one (top) or the

hypergeometric enrichment P value of 0.05 (log P = 1.3, bottom). Hypergeometric analyses were performed to determine fold enrichment (observed/expected)
and signed log enrichment P value (negative for deenriched). The Bonferroni multiple hypothesis test correction was applied for each group (n = 6). (D) IFN-b–
and IFN-g–specific gene voting summation scores were calculated for individual patient lesions in the leprosy subtypes of L-lep, T-lep, and RR.
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of infection (10). In contrast, an IFN-g–inducible
vitamin D–dependent antimicrobial pathway (11)
was found in the T-lep and RR lesions (fig. S5).

Analogous to leprosy, most individuals in-
fected with M. tuberculosis localize and cure or
contain the infection (latent tuberculosis); but in
about 10% of patients the infection progresses
to clinical disease, including pulmonary tuber-
culosis. A key study of gene expression profiles
in peripheral blood from tuberculosis patients
found a differential expression of an IFN-inducible
gene profile in patients with active versus latent
disease (3); the training cohort from this study is
referred to here as TB1. Integration of the TB1
gene expression profiles with the PBMC-defined
IFN-specific genes revealed an IFN-b–induced
gene program in active tuberculosis (figs. S6 and
S7). Comparison of the IFN-b signature in L-lep
lesions versus TB1 as well as a second indepen-
dent active tuberculosis cohort, TB2 (12), iden-
tified a common signature of 16 IFN-b–induced
genes (hypergeometric P value = 0.0007, fig. S7).
Further integration with the gene expression pro-
file of IL-10–treated monocytes revealed that 9
of 16 IFN-b–induced genes in the leprosy and
tuberculosis common signature are also down-
stream of IL-10 (hypergeometric P value = 0.02,
fig. S7). The data indicate that a common IFN-b–
inducible gene program correlates with extent
of disease in both leprosy and tuberculosis, sug-
gesting that IFN-b is a common factor contribut-
ing to pathogenesis in the twodistinctmycobacterial
diseases.

IFN-b mRNA, detected by polymerase chain
reaction (PCR), was more strongly expressed in
L-lep versus T-lep lesions and L-lep versus RR
lesions [analysis of variance (ANOVA), P < 0.05,
Fig. 2A]. The mRNA expression for IFNAR1,
encoding one of the type I IFN receptors, was
more strongly expressed in L-lep versus either
T-lep or RR lesions (Fig. 2A). In contrast, IFN-g
mRNAwas more highly expressed in both T-lep
and RR versus L-lep lesions (Kruskal-Wallis, P <
0.05, Fig. 2A), consistent with previous findings
by in situ hybridization (13) and PCR (4, 5).
IFN-b and IFNAR1 protein expression was also
more evident in L-lep than T-lep or RR lesions,
being present in cells throughout the granuloma
(Fig. 2B and fig. S8). IFN-b protein was found
to localize in macrophages in L-lep lesions (figs.
S9 to S11) colocalizing with CD14, CD209, and
CD163 (14). The elevated expression of IL-10
transcripts in L-lep versus T-lep and RR in le-
sions, as well as other classic type I IFN-inducible
genes, was also corroborated by PCR (Fig. 3A
and fig. S12). IL-10 protein was also more highly
expressed in L-lep lesions (Fig. 3B), in macro-
phages as well as T cells (figs. S13 and S14).
Double immunofluorescence revealed that IFN-b
and IL-10 are coexpressed in L-lep lesions, with
some cells expressing individual cytokines (Fig.
3C and fig. S15).

Both live and sonicated M. leprae induced
IFN-b mRNA and protein in vitro (Fig. 3D).
Investigation of the relation between IFN-b and
IL-10 revealed that IFN-b was sufficient to in-

duce IL-10 secretion (fig. S16) and thatM. leprae
induction of IL-10 (Fig. 3E) was partially depen-
dent on type I IFN signaling, blocked by about
40% by monoclonal antibodies (mAbs) against
IFNAR2 (anti-IFNAR2) (Fig. 3F and fig. S17)
(9). Together, these data provide evidence for
an M. leprae!IFN-b!IL-10 pathway in L-lep
lesions.

Analysis of the IFN-g–induced genes in T-lep
lesions revealed several antimicrobial pathways,
including activation of the vitamin D–dependent
antimicrobial pathway, which leads to the induction
of the antimicrobial peptides CAMP (cathelicidin)
and DEFB4 (beta-defensin 2), previously shown
to be involved in antimicrobial activity in leprosy
(14, 15) and tuberculosis (1, 11, 16, 17). The gene
expression data confirmed the differential ex-
pression in T-lep and RR versus L-lep lesions of
CYP27B1 mRNA, which encodes the vitamin
D–1a-hydroxylase that converts the prohormone
25-hydroxyvitamin D [25(OH)D] to the bioactive
1,25-dihydroxyvitamin D [1,25(OH)2D] form, as
well as the mRNA for the vitamin D receptor
(VDR), the transducer of 1,25(OH)2D-directed
action in the nucleus of the cell (Fig. 4A). The
expression of both CYP27B1 and the VDR were
inversely correlated with IL-10 expression in the
lesions (fig. S18).

On the basis of the differential expression of
type I versus type II IFN-inducible pathways in
leprosy, we hypothesized that IFN-b and IL-10
inhibited the IFN-g–induced antimicrobial path-
way. The ability of IFN-g to up-regulate CYP27B1

Fig. 2. IFN-b is up-regulated in L-lep lesions. (A)
Total mRNA was isolated from L-lep (n = 10), T-lep
(n = 10), and RR (n = 10) skin lesions; and the
IFN-b, IFNAR1, and IFN-g mRNA levels were an-
alyzed by quantitative PCR (qPCR). The levels
of IFN-b, IFNAR1 and IFN-g were normalized to
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) levels in the same tissue. Statistical sig-
nificance was calculated by one-way ANOVA fol-
lowed by the posttest, Newman-Keuls multiple
comparison test for IFN-b and IFNR1, and Kruskal-
Wallis followed by Dunn’s multiple comparison
test for IFN-g. **P ! 0.01; *P ! 0.05. (B) IFN-b
and IFNAR1 expression were detected in leprosy
lesions (T-lep, L-lep, and RR); one representative
labeled section is shown out of at least five; scale
bars, 40 mm. Original magnification, 100!. (Insets)
Higher magnification of inflammatory infiltrate
areas. Original magnification, 400!.
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and VDR expression was completely blocked by
the addition of IFN-b or IL-10 (fig. S19). In ad-
dition, the ability of IFN-b to inhibit IFN-g in-
duction of CYP27B1 and VDR was reversed by
the addition of neutralizing monoclonal anti–IL-
10 (fig. S19). IL-10 also inhibited IFN-g induc-
tion of CYP27B1 activity in macrophages (18),
blocking the metabolic conversion of 25(OH)D
to bioactive 1,25(OH)2D (19) (Fig. 4B). Al-
though IFN-g weakly inhibited the vitamin D–
24-hydroxylase activity [catabolism of 25(OH)D
to the inactive 24,25(OH)2D metabolite], this was
also reversed by the addition of IL-10 (fig. S20).
It should be noted that the TH2 cytokine IL-4,
also preferentially expressed in L-lep lesions
(4, 20), enhances 24-hydroxylase activity, which

inactivates 1,25(OH)2D (19). Therefore, we con-
clude that IL-10 and IL-4 coordinate to regulate
vitamin D metabolism and catabolism to inhibit
IFN-g–induced antimicrobial responses.

The ability of IFN-g to up-regulate antimi-
crobial peptide gene expression, cathelicidin and
DEFB4, was completely blocked by addition of
IFN-b and IL-10 (Fig. 4C) and was reversed by
the addition of anti–IL-10 (Fig. 4C). Thus, IFN-b
was shown to inhibit the expression of key genes
involved in antimicrobial activity in human mono-
cytes and macrophages. The effect of type I and
II IFNs on the viability of intracellularM. leprae
was subsequently investigated in vitro by using
an infection model. Because M. leprae cannot be
grown in vitro, we measured viability based on

the ratio ofM. leprae 16S rRNA to theM. leprae
repetitive element DNA (15, 21). IFN-g induced
an antimicrobial activity against M. leprae in
monocytes by ~35%,whichwas blocked ~70%by
pharmacologic inhibition of the VDR (Fig. 4D)
and completely abrogated by the addition of either
IFN-b or IL-10 (Fig. 4F and fig. S21). The ability
of IFN-b to inhibit the IFN-g–induced antimi-
crobial response against M. leprae was almost
completely reversed by the addition of anti–IL-10.
These studies indicate that the type I IFN pro-
gram prominently expressed in L-lep lesions in-
hibits the IFN-g–induced antimicrobial response
againstM. leprae, primarily through the interme-
diation of IL-10 (fig. S22). Additionally, type I
IFNs block the ability of inflammasome activators
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Fig. 3. IL-10 is increased in L-lep lesions and
is induced by IFN-b and M. leprae in vitro.
(A) Total mRNA was isolated from L-lep
(n = 10), T-lep (n = 10), and RR (n = 10)
skin lesions, and IL-10 mRNA levels were
analyzed by qPCR. The levels of IL-10 were
normalized to GAPDH levels in the same
tissue. Statistical significance was calculated
by ANOVA followed by Newman-Keuls mul-
tiple comparison test. ***P ! 0.001; **P !
0.01. (B) IL-10 expression in leprosy lesions
(T-lep, L-lep, and RR); one representative
labeled section is shown out of at least five
individuals; scale bars, 40 mm.Originalmag-
nification, 200!. (Insets) Higher magnifi-
cation of inflammatory infiltrate area. Original magnification, 400!. (C)
Colocalization of IFN-b (green) and IL-10 (red) in the inflammatory infiltrate of
L-lep lesions. Data are representative of three individual L-lep samples; arrows
indicate colocalization of the two cytokines. (D) Human monocytes were stim-
ulated with live M. leprae (mLEP) or sonicated mLEP. After 6 hours, qPCR was
performed for detection of IFN-b (FC, fold change); supernatants were collected
after 24 hours for detection of IFN-b by enzyme-linked immunosorbent assay.
Data are represented as mean T SEM, n = 7. Statistical significance was
calculated by two-tailed Student’s t test. **P ! 0.01; *P ! 0.05. (E) Monocytes
were stimulated with live mLEP or sonicated mLEP for 24 hours, and IL-10

protein levels were detected. Data are represented as mean T SEM, n = 7.
Statistical significance was calculated by two-tailed Student’s t test. *P! 0.05. (F)
Humanmonocytes were stimulated withmLEP sonicated alone or in combination
with either human IFNAR2 antibody or isotype control for 24 hours, and IL-10
protein levels were detected. Data are represented as mean T SEM, n = 4. Left
graph shows the levels of IL-10 subtracted from media (average T 64.5 pg/ml),
and right graph shows the percentage of inhibition of IL-10 levels. Statistical
significance was calculated by one-way ANOVA, and comparison between two
groups was confirmed by the posttest and Newman-Keuls multiple comparison
test. ***P ! 0.001; ** P ! 0.01. IgG2a, immunoglobulin g2a.
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(22) or M. tuberculosis infection (23, 24) to trig-
ger production of IL-1, a cytokine also required
for induction the vitamin D antimicrobial path-
way (16). The inverse correlation between the
expression of IFN-b versus IFN-g, as well as their
downstream target genes, suggests that the rel-
ative expression of IFNs at the site of infection
is a key determinant of the outcome of the host
response in leprosy. In studying a chronic human
disease, it is difficult to separate initial cause from
effect, but the data indicate that the IFN-b in the
fully developed disease is suppressing the de-
velopment of a protective response. We also note
that the relevance of the vitamin D pathway for
host defense in leprosy is reflected in the genetic
association of VDR single-nucleotide polymor-
phisms in L-lep patients (25) and the reported
successful use of vitamin D as a therapeutic ad-
juvant in the treatment of leprosy (26).

We believe that these findings in the spec-
trum of leprosy may provide useful insights into
mechanisms of resistance and pathogenesis in
the related mycobacterial disease, human tuber-
culosis. Analogous to leprosy, in tuberculosis,
IFN-g is critical for control of the infection. How-
ever, in some individuals, the infection with
M. tuberculosis progresses to pulmonary and dis-
seminated disease, analogous to the progressive
form of leprosy. The most striking characteristic
of the blood-based profiling “signature” for ac-
tive tuberculosis was the increase in a set of genes
regulated by IFN-b (3, 12), with an overlap in
IFN-b– and IL-10–induced genes similar to pro-
gressive leprosy. The presence of the IL-10 sig-
nature profile in blood of tuberculosis patients
and the finding of IL-10 mRNA and protein at
the site of disease (27) suggest that there is likely
to be a causal association between the IFN-b

and IL-10 profiles in active mycobacterial dis-
eases and tissue damage. This raises the possibil-
ity that, in individuals who are able to maintain
their M. tuberculosis in a latent or persistent state,
a decrease in the type II IFN response or an in-
crease in the type I response, perhaps induced
by intercurrent viral infection, could shift the
balance from latent to active disease.

We suggest that tuberculosis, like leprosy,
comprises a spectrum of protective and pathogenic
responses (28). From an evolutionary standpoint,
if the immune response were fully effective in
killing the pathogen, neither historically ancient
disease would exist. When innate and acquired
responses are compromised, as in HIV, tubercu-
losis, often seen as a chronic infectious disease,
is transformed into a rapidly fatal disease, as
in the case of extensively drug resistant (XDR)
tuberculosis (29). BecauseM. tuberculosis exists
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Fig. 4. IFN-b and IL-10 inhibit antimicrobial pathway induced by IFN-g. (A) Distribution of CYP27B1
and VDR mRNA by microarray analysis of L-lep (n = 6), T-lep (n = 10), and RR (n = 7) skin lesions
shown in arbitrary units (AU). Statistical significance was calculated for CYP27B1 by ANOVA followed
by Newman-Keuls multiple comparison test and, for VDR, by Kruskal-Wallis followed by Dunn’s
multiple comparison test. ***P ! 0.001; **P ! 0.01; *P ! 0.05. (B) Human monocytes were treated
with IL-10, IFN-g, and IFN-g plus IL-10 for 48 hours followed by incubation with radiolabeled meta-
bolite cholecalciferol (D3), 25(OH)D3 for 5 hours, and the ability to convert 25(OH)D3 to 1,25(OH)2D3
was measured by HLPC. Enzymatic conversion data are represented as mean T SEM and show three
different donors, each studied in triplicate. Statistical significance was calculated by one-way ANOVA
repeated measures test followed by Newman-Keuls multiple comparison test. *P ! 0.05. (C) Human
monocytes were stimulated with IFN-g alone or in combination with IFN-b and IL-10, antibody against
human IL-10 was added in the monocyte culture in combination with IFN-g + IFN-b for 24 hours, and
the cathelicidin (Cath) and DEFB4 mRNA levels were detected by qPCR. Data are represented as
mean T SEM, n = 7. Statistical significance was calculated by two-tailed Student’s t test. *P ! 0.05. (D)
Human monocytes were pretreated with IFN-g and then infected with M. leprae at a multiplicity of
infection of 10:1 overnight. After infection, cells were treated with IFN-g alone or in combination with VDR antagonist (VAZ). Viability of mLEP was calculated
by the ratio of bacterial 16S RNA and DNA (RLEP) detected by qPCR, and percent increase or decrease relative to no treatment (media) was determined. Data
are represented as mean T SEM, n = 5. Statistical significance was calculated by two-tailed Student’s t test. *P ! 0.05. (E) Human monocytes were pretreated
and infected as described in (D). After infection, cells were treated with IFN-g alone or in combination with IFN-b or IL-10; in some instances, human IL-10
antibody was added to the culture in combination with IFN-g plus IFN-b for 4 days. Viability of M. leprae was calculated as described in (D). Data are
represented as mean T SEM, n = 10. Statistical significance was calculated by two-tailed Student’s t test. *P ! 0.05.
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essentially only in human species, it is likely to
have evolved to persist in the human population,
with a sufficient number of individuals develop-
ing pathology to assure transmission by aerosol
and survival of the pathogen, the remainder con-
taining the pathogen by protective host immune
responses. Therapeutic interventions to block IFN-
b–induced pathologic responses as well as enhance
in IFN-g responses may be an effective strategy
to alter the balance to favor protection in myco-
bacterial and other infections.
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Dual Origin of the Epithelium of the
Mammalian Middle Ear
Hannah Thompson and Abigail S. Tucker*

The air-filled cavity and ossicles of the mammalian middle ear conduct sound to the cochlea. Using
transgenic mice, we show that the mammalian middle ear develops through cavitation of a neural crest
mass. These cells, which previously underwent an epithelial-to-mesenchymal transformation upon leaving
the neural tube, undergo a mesenchymal-to-epithelial transformation to form a lining continuous with
the endodermally derived auditory tube. The epithelium derived from endodermal cells, which surrounds
the auditory tube and eardrum, develops cilia, whereas the neural crest–derived epithelium does not.
Thus, the cilia critical to clearing pathogenic infections from the middle ear are distributed according to
developmental derivations. A different process of cavitation appears evident in birds and reptiles,
indicating that this dual epithelium may be unique to mammals.

Themammalian middle ear is an air-filled
cavity housed within the auditory bulla
with three ossicles suspended within it,

connecting the eardrum to the inner ear. The epi-
thelial lining of the middle ear in the ventral re-
gion is continuous with the auditory (Eustachian)
tube, which connects the middle ear to the phar-
ynx. At embryonic day 12.5 (E12.5) in the mouse,
the ossicles condense within the neural crest–
derived first and second pharyngeal arches, ad-
jacent to the developing inner ear and dorsal to
the tip of the first pharyngeal pouch (1). In early
postnatal mice, the future middle ear cavity is
filled with neural crest cells surrounding the de-
veloping ossicles (2), which are positioned in the
dorsal region of the future cavity (the attic), in
addition to mesodermal cells that will mature to
form the middle ear muscles. A process called

cavitation then occurs in which the neural crest
cells are replaced by an air-filled cavity (2, 3),
which surrounds the ossicles and muscles, allow-
ing free movement in response to sound (fig. S1).
The whole cavity is lined by an epithelium.

The current model of middle ear cavitation
was proposed byWittmaack (4) and suggests that
the endoderm of the first pharyngeal pouch ex-
tends into the middle ear region, expanding and
enveloping the middle ear structures, resulting in
a cavity lined completely by endoderm. Howev-
er, the middle ear cavity has suspended within
it three ossicles in addition to muscles, blood ves-
sels, and nerves that would prevent an epithelium
expanding through as a continuous sheet. This
prompted Schwarzbart to propose that during
cavitation the endoderm ruptured and the neu-
ral crest formed the lining of the middle ear (5).
To resolve these issues, we have made use of
newly developed transgenic mouse lines Sox17-
2Aicre (6) and Wnt1cre (7) crossed with the
reporter mouse line R26R (8). When stained

with X-Gal, this system permanently labels
cells of endodermal or neural crest origin blue
and therefore allows the embryonic origin of
tissues within the developing middle ear to be
determined.

Sox17-2AicreR26R mice trace cells that are
currently expressing, or have previously expressed,
Sox17. These include cells of endodermal origin
and blood vessels. Contrary to previously pub-
lished data that the epithelial lining of the middle
ear is of endodermal origin (9, 10), the fully cav-
itated middle ear from P14 in Sox17-2AicreR26R
mice was found to be labeled blue only in the
epithelium around the opening to the auditory
tube (Fig. 1B), with unstained epithelium around
the attic region above the ossicles and along the
cochlea (Fig. 1A). To determine the origin of the
nonendodermal epithelial cells,Wnt1creR26Rmice
were stained with X-Gal. Around the auditory
tube, the epithelium was LacZ-negative (Fig.
1D), whereas the epithelium lining the cavity
around the ossicles and cochleawas LacZ-positive
(Fig. 1C), in a complementary pattern to that ob-
served in the Sox17-cre line. Careful mapping of
the middle ear cavity with these reporter lines
showed that the auditory tube and surrounding
middle ear epithelium, extending up to and slight-
ly beyond the eardrum on the lateral side, was
endoderm-derived. In contrast, neural crest cells
were found lining the middle ear cavity on the
medial wall covering the otic capsule/cochlea
and lining the attic region of the cavity in the
vicinity of the ossicles (Fig. 1E) (number of sam-
ples analyzed = 15). In humans, the attic is con-
nected to the mastoid air space, and these are
therefore also likely to be linedwith a neural crest–
derived epithelium. The epithelium lining themid-
dle ear cavity is therefore of dual origin, roughly
half neural crest and half endodermal.
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