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ABSTRACT OF THE DISSERTATION 

Role of IFN-beta in disease and characterization of the immune response following acute 

radiation exposure 

By 
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University of California, Los Angeles, 2016 

Professor Genhong Cheng, Chair 

 

Type I interferons (IFNs) are a group of pleiotropic of cytokines well known for their role 

in promoting an antiviral state through the induction of interferon stimulated genes (ISGs). 

Pathogen associated molecular patterns (PAMPs) expressed by bacteria such as lipid A induce 

type I IFNs. In macrophages we found induction by ISGs by lipid A was highly dependent on the 

signaling by the IFNβ subtype. Furthermore, IFNβ was required to positively regulate the 

feedback loop for induction of downstream ISGs. Identification of this major role led us to 

investigate the functional consequence of IFNβ signaling in two different bacterial infections. 

Both macrophages and IFNAR signaling are necessary to promote host defense against 

Escherchia coli peritonitis, however we found survival of Ifnb-/- mice was not drastically 

reduced. Next, we studied the role of IFNβ during post-influenza pneumonia since previous 

studies from our lab showed IFNAR signaling enhanced host susceptibility. We found IFNβ 

deficiency was not sufficient to protect the host from bacterial pneumonia. The results from both 

models led us to conclude additional subtypes of type I IFN must be cooperating with IFNβ to 

either promote host resistance or susceptibility. 

To study the role of ISGs and IFNAR signaling in non-infectious disease we focused on 

three different models. In the first we examined the role of the interferon inducible protein, 
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CXCL10 in the progression of LPS induced endotoxic shock. We found CXCL10 deficiency 

increased survival of female mice, not males. Moreover, CXCL10 likely mediated its pathogenic 

effects by signaling through the canonical receptor CXCR3. In the second model, we studied the 

role of poly I:C induced type I IFN on the progression of chronic experimental autoimmune 

encephalitis (EAE), a mouse model of human multiple sclerosis. We found poly I:C transiently 

attenuated symptoms of EAE by signaling through toll like receptor 3 (TLR3) to induce type I 

IFNs. Finally, we measured the induction and expression of type I IFNs and ISGs in the mouse 

model of tuberous sclerosis complex disorder. Our results demonstrate Tsc2+/- mice express 

elevated levels of type I IFNs and ISGs following poly I:C treatment. This result points to a 

possible mechanism for the increased incident of neuropsychiatric disease in TSC 

haploinsufficient patients. 

Finally, we monitored survival of mice treated with lethal doses of whole body irradiation 

to characterize response during acute radiation syndrome (ARS) and delayed effects of acute 

radiation syndrome (DEARE). We found both PAMPs and select small molecules were able to 

either protect or rescue mice from ARS. Among mice that survived ARS and were monitored for 

one year, we noticed specific symptoms were correlated with the type of radiomitigator 

administered during ARS. Moreover, we observed mice that were likely to die or develop 

disease had higher concentrations of serum cytokines, and gut microbial dysbiosis. 

Immunological challenge revealed disparities between mice, but also suggested that more 

comprehensive studies may lead to the development of biomarkers that will be useful to predict 

response to future vaccination or disease. 
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Early detection of pathogens by the host innate immune cells is accomplished through 

the expression of pattern recognition receptors (PRRs), including membrane bound Toll-like 

receptors (TLRs) and cytosolic sensors. PRRs bind conserved pathogen associated molecular 

patterns (PAMPs). Ligation triggers signaling cascades that culminate in the expression of 

primary response genes that regulate the host anti-microbial, inflammatory, and 

immunoregulatory response 1,2.  

Type I IFN is a group of closely related pleiotropic cytokines that are induced by PRR 

stimulation. In mice, there are a dozen IFNα subtypes, and a single IFNβ, IFNε, IFNκ, IFNδ, 

IFNτ, IFNω and IFNζ 3,4. All type I IFNs bind and signal through the interferon alpha receptor 

heterodimeric complex (IFNAR), composed of IFNAR1 and IFNAR2. IFNAR ligation activates 

the JAK/STAT pathway. Activation by phosphorylation and oligomerization of different STAT 

transcription factor complexes induce a set of genes collectively known as interferon stimulated 

genes (ISGs). Many ISGs code for proteins that defend the host against viral infection, but 

several ISGs have a significant role in other microbial infections, cancer and autoimmune 

disease.   

Type I IFN subtypes induce distinct and overlapping gene expression. Induction of 

specific subtypes is influenced by the transcription factors constitutively expressed by the cell 

type and the location and nature of the stimulating PAMP 5,6. In most cells, including 

macrophages, the transcription factor interferon regulatory factor 3 (IRF3) is constitutively 

expressed and preferentially promotes IFNβ transcription 7,8. In some cases, IFNα4, the only 

IFNα with a complete IRF3 binding site, may also be transcribed 9. In specific cell types, such as 

plasmacytoid dendritic cells, expression of IFNαs is favored due to the constitutive expression of 

IRF7 10. PRR sensing also affects which subtype is induced. TLRs are more abundantly 

expressed by immune cells and surveil the extracellular and endocytic environments, whereas 

cytosolic sensors are more ubiquitously expressed, but surveil only the cytosol. 
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Macrophages are central to the innate immune response. Some macrophages are 

resident in the tissue, while others are recruited along with neutrophils, natural killer cells, 

dendritic cells and others to the sites of infection or damage. Early signaling by macrophages 

shapes the immune response. IFNβ is one of the primary response genes expressed by 

macrophages following stimulation with lipopolysaccharide (LPS) 1,11, a PAMP found on the cell 

wall of Gram negative bacteria that is recognized by TLR4 11. TLR4 ligation activates two 

downstream adapters, MyD88 and TRIF, and it is through the TRIF dependent pathway 12 

leading to IRF3 activation that Ifnb is transcribed 13. IFNβ signals in an autocrine and paracrine 

fashion.  

Role of type I IFNs in infectious disease 

Type I IFNs were first discovered by Isaacs and Lindenmann, as anti-viral factors14.  A 

functional role for type I IFNs during bacterial infections was later observed with Listeria 

monocytogenes, where IFNAR1 signaling was found to enhance host susceptibility by 

suppressing anti-bacterial genes and inducing cell death and tissue damage 15–17. A brief 

overview of relevant microbial diseases is discussed below with particular emphasis on the role 

of IFNβ; a thorough review of type I IFNs during bacterial infections is discussed in Chapter 2. 

Type I IFNs are observed to execute distinct roles during viral 18 and bacterial infections. 

IFNβ signaling during chronic viral infection with lymphocytic choriomeningitis virus (LCMV) 

propagates excessive tissue damage, whereas IFNα does not 19. Similarly, IFNβ signaling 

during bacterial infection with Salmonella enterica serovar Typhimurium 20, induces host cell 

death. The specific contribution of IFNβ signaling to the host response against other microbial 

infections, especially during infections where IFNAR signaling has been shown to play a role, is 

unknown. 

The Gram negative bacterium, Escherichia coli (E. coli) is the most often recovered 

bacterial species in septic patients 21. Deficiency in IFNAR1 22 or IL-10, an anti-inflammatory 
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cytokine, increases mortality 23, whereas deficiency in TLR4 or MyD88 24 protects mice against 

lethal E. coli sepsis. Increased survival is associated with decreased production of inflammatory 

cytokines, such as TNFα and IL-6 24 by macrophages 25, likely through production of  IL-10 26 by 

other innate cells, such as neutrophils 27. While it is clear IFNAR signaling promotes host 

resistance, it is not known whether protection is mediated solely by IFNβ or in concert with 

additional type I IFNs. 

IFNAR signaling, in particular IFNβ signaling 28, promotes host resistance to lung 

infections by the bacterium Streptococcus pneumoniae 28,29. However, prior lung infection by 

influenza turns IFNAR signaling pathogenic and promotes bacterial superinfection 30,31. One 

mechanism may be through the induction of type I IFNs by alveolar macrophages during 

influenza infection 32 that upregulates the histone modifying protein Setdb2, a lysine 

methyltransferase, known to negatively regulate the expression of chemokines, KC and 

MIP22,33. These chemokines recruit myeloid cells that are critical to bacterial clearance 30. It is 

unclear whether IFNβ signaling during co-infection suppresses their expression or whether other 

type I IFN subtypes are involved. 

Role of type I IFNs in non-infectious disease 

The immune system evolved to combat replicating pathogens, but immune activation by 

PAMPs also shapes the development and progression of non-infectious disease, including 

autoimmune disease. Type I IFNs have been observed to have acute and long term effects on 

tissue architecture and function. Shortly after their discovery, an ameliorating role for type I IFNs 

in non-infectious disease was noted and type I IFNs were incorporated into therapeutic 

treatments for cancer 34 and the autoimmune disease, multiple sclerosis 35. Here, the role of 

type I IFNs in three distinct models of non-infectious disease are discussed. 

Endotoxic shock 
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The first model is that of LPS induced endotoxic shock. This model is often used to 

complement studies of bacterial sepsis and septic shock; yet, there is a striking dichotomy in 

how the host responds to LPS and to bacterial sepsis. IFNAR signaling during E. coli infection 22 

or polymicrobial sepsis 36 promotes host defense, but in the mouse model of LPS induced 

endotoxic shock, signaling by IFNβ through the IFNAR1-TYK2 axis is lethal 36–38. In both 

models, the ISG and anti-inflammatory cytokine, IL-10, is necessary for survival 23,39, however 

the ISGs driving pathogenesis are poorly defined. A possible mechanism by which IFNβ 

signaling leads to mortality is through CXCL10, a chemokine induced by IFNs. During 

polymicrobial sepsis treatment with the CXCL10 is sufficient to restore host resistance. Given 

IFNAR signaling plays opposite roles in bacterial sepsis and endotoxic shock, we investigated 

whether CXCL10 would also play an opposite role whereby its deficiency would improve 

survival or completely protect the host from LPS induced endotoxic shock.  

Multiple sclerosis/Experimental autoimmune encephalitis 

The second model is experimental autoimmune encephalitis (EAE), the mouse model of 

the autoimmune disease multiple sclerosis (MS). MS is an inflammatory autoimmune disease, 

driven by T cells, that damages the myelin sheath that coats the neurons of the central nervous 

system. Most patients experience alternating periods of symptoms and dormancy, classified as 

relapsing-remitting MS, but some develop secondary progressive MS which is defined by 

chronic and persistent symptoms. Most frequently occurring in females 40, MS typically affects 

people in young adulthood (20 to 40s) 41. While infection may be trigger for MS, a definite cause 

is unknown; however, a similar disease, EAE, may be induced by immunizing mice with a 

mixture of a myelin sheath peptide and Complete Freund’s adjuvant. Active or passive 

immunization of SJL/J mice results in RRMS-like EAE, whereas the same immunization given to 

C57Bl/6 mice leads to progressive EAE 42. 
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Treatment of MS includes corticosteroids to reduce inflammation and type I interferons 

or other drugs that modify the adaptive immune response 43. In some cases, IFNβ plays a 

beneficial role in both MS and EAE. In MS patients, recombinant IFNβ has been used to treat 

patients with RRMS with a success rate of 30% 35. In the EAE model, mice deficient in IFNβ 44 

or its receptor, IFNAR exhibit exacerbated symptoms 45. 

Endogenous IFNβ is produced following stimulation of membrane bound endocytic 

receptors, TLR3 and TLR4, and the cytosolic receptors, RIG-I and MDA5. Intraperitoneal 

administration of the TLR3/RIG-I ligand, poly I:C, reduces the symptoms of relapsing-remitting 

EAE 46. Moreover, deletion of TRIF, the downstream adapter for TLR3 and TLR4, leads to more 

severe progressive EAE symptoms 45. Deletion of TLR4, however, does not affect progressive 

EAE 47, however stimulation of TLR4 expressing CD4+ T cells and γδ T cells appears to 

contribute to disease onset and progression 48.  

Previously, our lab found IFNAR signaling in macrophages suppressed Th17, and 

thereby reduced the severity of chronic EAE 45. However, whether IFNAR signaling induced by 

treatment with the RNA ligand poly I:C attenuates chronic EAE is unknown. Furthermore, it is 

unclear whether which PRR is responsible for the induction of type I IFNs. 

Autism 

The final model focuses on the tuberous sclerosis complex (TSC) disorder. In humans, 

tuberous sclerosis results from a heterozygous autosomal dominant genetic mutation in either 

TSC1/TSC2 49 and is strongly linked to the development of neuropsychiatric syndromes 

including autism spectrum disorder 50. The TSC1/TSC2 complex negatively regulates the 

mammalian target of rapamycin (mTOR) pathway 51. Though ubiquitously expressed among 

cells during early development, expression decreases in all adult tissues organs except for the 

brain 52. 
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Innate immune pathways and mTOR signaling are intimately linked; mTOR signaling 

augments the type I IFN pathway. Expression of interferon induced proteins, CXCL10 and 

ISG15, requires mTOR mediated deactivation of the translational repressor 4E-BP-1 53.  In 

addition, rapamycin, a chemical inhibitor of the mTOR pathway that acts by destabilizing the 

mTORC1 complex 54, also inhibits plasmacytoid dendritic cells from transcribing type I IFN by 

preventing IRF7 activation and translocation 55. Furthermore, deficiency in TSC1 or TSC2 

licenses translation of CXCL10 and ISG15 53, while transfection TSC1 deficient macrophages 

with poly I:C enhances the transcription of Ifna 56. 

Clinically, there is a significant correlation between peak influenza season, late stage 

pregnancy, and the development of autism spectrum disorder in TSC haploinsufficient 

individuals. Modeling this maternal immune activation in Tsc2+/- mice reveaed that poly I:C 

treatment during pregnancy increased the likelihood of fetal abortion or lifelong social interaction 

deficiencies in the surviving pups 57. The mechanism by which viral infection or poly I:C 

treatment induces neuropsychiatric symptoms is unknown, but recent, unpublished experiments 

IFNAR signaling is required for pathogenesis. 

Irradiation and the immune response 

At the population level, exposure to a lethal dose of radiation, results in two major waves 

of death. The first wave, called acute radiation syndrome (ARS), is due to hematopoietic failure 

and it occurs within the first 30 days of exposure. The second wave, called delayed effects of 

acute radiation exposure (DEARE), arises about 100 days after irradiation and is likely due to 

inflammation-mediated multiple organ dysfunction syndrome (MODS). 

Symptoms of ARS includes failure of the hematopoietic, gastrointestinal and nervous 

systems and is caused by cell death from DNA damage. Increased cytokine expression 

following irradiation has been observed 58. Interestingly, treatment with PAMPs, such as LPS, is  

radioprotective when administered prior to or immediately after irradiation 59. Similarly, pre-
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treatment with proinflammatory cytokines, IL-1 or TNFα 60, or granulocyte colony stimulating 

factor (G-CSF) 61 are also protective. Macrophages are key mediators of radioprotection as 

depletion reduces the level LPS induced IL-1β and TNFα rendering the host susceptible to ARS 

25. This suggests pathways leading to IL-1β and TNFα are important for radioprotection. 

The Center for Medical Countermeasures against Radiation (CMCR) at UCLA is 

studying serveral radiomitgators that, when administered 24 hr after whole body irradiation 

(WBI), rescue mice from ARS. The lead radiomitigators include, 512, a compound identified that 

contains a 4-nitrophenylsulfonamide group, was identified from a high throughput screen 62 and 

granulocyte colony stimulating factor (G-CSF), a cytokine routinely used to treat chemotherapy 

induced neutropenia 63. Both mitigators rescue mice from ARS, however little is known about 

health status of rescued mice in the months following ARS and whether mitigator treatment 

affects DEARE. 

In other disease models, prior tissue damage can have lasting effects on the host that 

range from the formation of immunological memory to accelerate response to compromised 

organ function due to tissue remodeling. Survivors of whole body irradiation (WBI) have delayed 

and late effects of radiation damage that can manifest as cardiac and/or pulmonary toxicity 64. A 

better understanding of DEARE will lead to the identification of biomarkers and better predict 

immune response to future vaccinations and disease. 

Conclusion 

 Together each disease model provides insight into how the immune system orchestrates 

the response and resolution phases. Studies of the early immune activation foreshadow 

formation of immunological memory and scars that affect how the host deals with future threats. 

Experiments presented in the following dissertation strive to illuminate poorly understood roles 

and mechanisms, especially those contributed by type I IFNs.  
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ABSTRACT 

Type I interferons (IFN) are a family of small, pleiotropic cytokines that regulate the 

expression of a broad set of interferon stimulated genes (ISGs). Well known for their role in 

directing the host antiviral response, type I IFNs also play an important role in modulating host 

defense against bacterial infections. All type I IFNs signal through the type I IFN receptor 

(IFNAR) and induce an almost identical set of ISGs. Lipid A, a cell wall component of Gram 

negative bacteria stimulates the induction of type I IFNs and downstream ISGs. To examine the 

requirement for IFNβ signaling following lipid A treatment, bone marrow derived macrophages 

(BMMs) from mice with a genetic deficiency in IFNβ were compared to BMMs derived from wild 

type or IFNAR1 deficient mice. Gene expression was measured by RNASeq and quantitative 

PCR (qPCR). Ifnb was the primary type I IFN induced by the macrophages and IFNβ signaling 

was necessary for ISG expression. Furthermore, treatment with recombinant IFNβ or IFNα4 

revealed induction of ISGs by IFNα4 was enhanced by IFNβ signaling. The role of IFNβ 

signaling was studied using two mouse models, acute E. coli peritonitis and post-influenza 

bacterial pneumonia. In the peritonitis model, IFNAR signaling is required to protect the host, 

thus we hypothesized that IFNβ was necessary for host resistance. There was only a modest 

decrease in the survival of IFNβ KO mice, indicating that additional pathways contributed and/or 

compensated for the loss of IFNβ signaling. In the post-influenza model, deficiency in IFNAR 

signaling was previously found to enhance bacterial clearance and promote host defense, so we 

hypothesized that IFNβ would promote bacterial pneumonia. Surprisingly, IFNβ deficient mice 

were as susceptible as wild type mice to pneumonia. From this we conclude that IFNβ is not 

acting alone, other type I IFNs, likely one or more of the IFNαs, contribute to enhanced host 

susceptibility. 
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INTRODUCTION 

Induction of type I IFNs and ISGs 

Macrophages are one of the first responders to an immunological threat. Due to their 

active role in early host defense, they are widely used to study innate immune gene regulation. 

Microarray analysis of macrophages stimulated with lipid A, a purified component of 

lipopolysaccharide (LPS) constituent of the Gram negative bacterial cell wall, revealed that more 

than 300 genes were IFNAR1 dependent 1. Ifnb is considered a signature gene of LPS 

stimulation 2, however, microarray analysis of LPS stimulated IFNβ sufficient and deficient 

primary and ex vivo derived macrophages identified only 62 LPS regulated genes to be IFNβ 

dependent 3. To investigate this discrepancy, we used RNA-Seq and qPCR to compared gene 

expression levels from WT, IFNAR1 KO and IFNβ KO BMMs stimulated with lipid A. We were 

interested to know whether expression of ISGs by BMMs requires IFNβ signaling. 

Type I IFNs have distinct and overlapping functions 4–6. ISG expression requires 

autocrine and paracrine signaling for maximal expression 7. This is achieved by the induction of 

ISGs that function in the type I IFN signaling pathway, such as the transcription factors Irf7 8 and 

Stat1 9.  Interestingly, specific subtypes of type I IFN are preferentially administered to treat 

disease. For example, several subtypes of IFNα are used to treat cancer and chronic viral 

infection 10, while IFNβ is used to treat multiple sclerosis 11. To study the requirement for IFNβ in 

ISG expression, we examined the magnitude of ISG induction following treatment of WT, 

IFNAR1 KO and IFNβ KO BMMs with recombinant IFNβ or IFNα4. 

How type I IFNs contribute to host defense against bacteria is poorly understood. 

Differential activation of downstream ISGs suggests type I IFNs may mediate distinct functional 

outcomes during bacterial infections. To test this, we used two mouse models of bacterial 

infection: primary Escherichia coli (E. coli) peritonitis and secondary Streptococcus pneumoniae 

pneumonia.  
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IFNAR signaling protects the host against lethal E. coli peritonitis 12. Once the pattern 

recognition receptor (PRR), TLR4, detects LPS on the E. coli cell wall it associates with two 

downstream adapter molecules, MyD88 and TRIF. TRIF dependent signaling leads to induction 

of type I IFN and is required to protect the host against E. coli peritonitis 13. A possible 

mechanism for type I IFN mediated host defense against E. coli peritonitis is through the 

induction of the anti-inflammatory cytokine, IL-10 14–16. IL-10 signaling is critical to limit 

bystander tissue damage associated with the host proinflammatory response during E. coli 

infection 17. To determine whether IFNβ is necessary and sufficient to defend the host against E. 

coli peritonitis, we measured survival of WT, IFNAR1 KO and IFNβ KO mice. 

Influenza is an acute viral infection that is highly associated with the development of life-

threatening secondary bacterial pneumonia 18. The host response to influenza infection is 

characterized by the generation of a type I interferon response and infiltration of inflammatory 

cells into the lungs. During acute sub-lethal infections, inflammatory cell infiltration is observed 2 

– 14 days post-infection and corresponds to viral clearance 19,20. Both IFNβ and IFNα have been 

implicated in lung pathology 21, however in some viral infections, IFNβ alone mediates tissue 

damage 4. 

Our lab previously demonstrated that IFNAR signaling during influenza lung infection 

promotes bacterial superinfection in the lung and leads to life threatening bacterial pneumonia 

22. To determine whether IFNβ signaling enhances host susceptibility to pneumonia, we infected 

WT, IFNβ KO and IFNAR1 KO with either influenza PR8 and Streptococcus pneumoniae (S. 

pneumoniae) or S. pneumoniae alone to elucidate the contribution of IFNβ signaling to disease 

progression and severity. 
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RESULTS 

Lipid A induced ISG expression in macrophages primarily depends on IFNβ 

Using RNAseq, we compared the level of gene induction in WT, IFNAR1 knockout (KO) 

and IFNβ KO BMMs, 4 and 12 hours after lipid A stimulation. Many of the genes induced by WT 

mice at both 4 and 12 hours depended on IFNAR1 signaling (Figure 3.1 A and B, left most 

panels). Likewise, a similar proportion of genes induced by lipid A stimulation of WT BMMs 

depended on IFNβ signaling (Figure 3.1 A and B, middle panels). Gene expression in IFNAR1 

KO was then compared to gene expression in IFNβ KO BMMs. We found the expression of 

interferon stimulated genes was highly dependent on IFNβ signaling as gene expression 

patterns from macrophages lacking either IFNAR1 or IFNβ positively correlated at both 4 and 12 

hours post stimulation (Figure 3.1). 

 In fact, Ifnb was the only type I IFN expressed by macrophages in response to lipid A. 

This observation was confirmed by qPCR (Figure 3.2, A). To examine whether the intact Gram 

negative bacteria elicited a similar response, we infected macrophages with E. coli bacteria 

grown to mid-log phase. Like purified lipid A, E. coli infected macrophages expressed Ifnb, not 

Ifna4 (Figure 3.2, B). We further showed that the absence of transcripts for other type I IFNs 

was not an intrinsic defect of the macrophages but rather a consequence of the ligand-receptor 

signaling pathways activated, as Ifna4 was induced following stimulation of cytosolic sensors by 

the RNA virus vesicular somatitis virus (VSV) (Figure 3.2, C).  

To measure the expression profile of Ifnb and Ifna4 in other immune cell types, bone 

marrow was differentiated to either conventional dendritic cells (cDCs) or plasmacytoid dendritic 

cells (pDCs). Stimulation of cDCs with LPS did not lead to induction of type I IFNs, while 

infection with E. coli, mildly induced Ifnb at 16 hours, but failed to induce Ifna4. Ifnb and Ifna4 

were induced by VSV infection of cDCs at both 4 and 16 hours, and the induction of Ifna4 was 

comparable or slightly more in IFNβ KO cDCs than in WT (Supplementary figure 3.1, A). In 
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pDCs, LPS mildly stimulated Ifnb transcription, whereas the classic pDC ligand, CpGA, induced 

transcription of both Ifnb and Ifna4 (Supplementary figure 3.1, B). 

Maximal ISG induction requires IFNβ signaling 

Next, we examined the induction of downstream ISGs to characterize the functional 

outcome of type I IFN expression. As anticipated, ISGs such as Mx1 were transcribed by WT 

BMMs following lipid A or E. coli treatment (Figure 3.3, A and B). Since VSV infection led IFNβ 

KO BMMs to transcribe IFNα4 (Figure 3.2, C), we measured induction of downstream ISGs. 

Surprisingly, we found that were not transcribed by BMMs lacking IFNβ (Figure 3.3, C). This led 

us to explore the ISG signature following treatment of BMMs with purified IFNβ and IFNα. 

BMMs were exposed to either rIFNβ or rIFNα, equivalent in unit activity, for 4 hours. 

Gene expression was measured by RNASeq and validated by qPCR. In WT BMMs, expression 

of downstream ISGs was almost comparable observed. However, in the absence of IFNβ 

signaling, IFNα4 induced ISG expression that was roughly 50% of the maximum induced by WT 

BMMs or IFNβ stimulated IFNβ KO BMMs (Figure 3.4, A – C). Thus, IFNβ signaling is crucial 

maintenance of the positive feedback loop for maximal ISG expression by BMMs. 

IFNβ signaling promotes host defense during E. coli peritonitis 

To study the functional consequence of the IFNβ bias by macrophages, we turned to in 

vivo models of bacterial infection. IFNAR signaling during E. coli peritonitis protects the host 

against lethal sepsis 12. In macrophages, IFNβ induces IL-10 14,15, a key anti-inflammatory 

cytokine that protects against E. coli peritonitis 17. To determine whether IFNβ was required to 

mediate the protective response, an E. coli peritonitis model was established. Using this model, 

105 CFU of E. coli O18:K1:H7, a clinical isolate was introduced by intraperitoneal injection. At 

this dose, all of the WT mice survive, while IL-10 deficient mice show a survival of 60% over 5 

days. IFNβ deficiency increased mortality by 20% compared to WT when infected with either 

105 or 107 CFU (Figure 3.5, A). Overall, however, there was no significant difference in bacterial 
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burden in the blood or peritoneal cavity of WT and IFNβ KO mice (Figure 3.5, B). Likewise, the 

gene expression pattern of the peritoneal exudate cells also showed no difference (Figure 3.4, 

C). Serum ALT, a marker of liver damage was elevated in IFNβ KO mice compared to WT, but 

both were still significantly lower than in IL-10 KO mice (Figure 3.5, D). Surprisingly, more IL-10 

protein was found in the peritoneal lavage fluid of IFNβ KO mice (Figure 3.5, E), indicating other 

pathways leading to IL-10 production were activated. 

Role of IFNβ during post-influenza bacterial pneumonia 

Macrophages are one of the key type I IFN producers during influenza infection 23. Given 

the preference for ex vivo differentiated macrophage cells to produce IFNβ, we established a 

mouse model of Influenza lung infection to characterize the production of type I IFNs and 

progression of a sub-lethal influenza infection. The dose required to achieve a sublethal 

infection was found to be 200 PFU of mouse adapted Influenza PR8 (Supplementary figure 3.2). 

At this dose, mice exhibited incremental weight loss beginning at day 3, reaching a maximum 

loss by day 10 and regaining to the pre-infection weight by day 17 (Figure 3.6, A). Viral load 

peaked at day 3 and by day 12 replicating virus was undetectable (Figure 3.6, B and C). The 

kinetics of polymorphonuclear (PMN) cell infiltration followed viral load and peaked at day 3 

(Figure 3.6, D). Measurement of type I IFN gene expression in the lung revealed temporal 

differences in the expression of Ifnb and Ifnas; Ifnb peaked on day 5 whereas Ifna4 and Ifna5 on 

day 7 (Figure 3.5, E). Moreover, there was a difference in the expression magnitude; peak Ifnb 

was about 3-fold higher than peak Ifna4 or Ifna5. Finally, at the tissue level, viral infiltration of 

alveolar cells precedes the disappearance of these cells, likely due to virus mediated cell death 

(Figure 3.5, F). This results in disruption of the tissue architecture of the alveolar lining.  

Using this model, we tested whether development of post-influenza pneumonia is solely 

due to IFNβ signaling. WT, IFNAR1 KO and IFNβ KO mice were infected on day 0 with a sub-

lethal dose of Influenza PR8, then 5 days later PR8 infected and naïve mice were challenged 
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with a sub-lethal dose of S. pneumoniae A66a. Co-infected WT mice experienced more weight 

loss than IFNAR1 KO mice. Unexpectedly, the weight change of IFNβ KO mice followed a 

pattern similar to WT mice, not IFNAR1 KO mice (Figure 3.7, A). Likewise, bacterial burden in 

the lungs of co-infected WT and IFNβ KO mice was higher than in the lungs of IFNAR1 KO 

(Figure 3.7, B), while viral load was similar (Figure 3.6, C). There was no significant difference in 

the induction of type I IFNs, Ifna4 and Ifna5, or type III IFN, Ifnl2/3, between co-infected WT, 

IFNAR1 KO and IFNβ KO mice at day 7 (Figure 3.7, D). Interestingly, absence of IFNβ signaling 

compromised the induction of ISGs in the lung. Transcription of Mx1 and Cxcl10 was reduced in 

IFNβ KO mice compared to WT. In addition, chemokines, Mip2 and Kc, were similarly reduced 

(Figure 3.7, F). These results show that while IFNβ signaling contributes, it is not sufficient to 

drive bacterial superinfection in the lung. 
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DISCUSSION 

ISG induction by BMMs stimulated with bacterial ligand lipid A depends on IFNβ 

signaling (Figure 3.1).  Indeed, in macrophages, IFNβ is categorized as a primary response 

gene, induced 35 min after lipid A stimulation 24. The IFNα4 promoter is the only IFNα promoter 

that has an intact IRF3 binding site 25, yet bacterial ligands that induce Ifnb do not lead to Ifna4 

transcription (Figure 3.2, A and B). It is not clear why Ifna is not transcribed, but it is not general 

defect in macrophages as viral infection with VSV leads to its induction (Figure 3.2, C). 

Therefore, expression of type I IFNs and downstream ISGs depends on the stimulating ligand 

and the activating receptor. 

We also show IFNβ signaling is required for maximum ISGs expression (Figure 3.3 and 

3.4). The JAK-STAT pathway is the dominant signaling pathway involved in the induction of 

interferon stimulated genes (ISGs). Interestingly, TYK2 appears to be an accessory kinase 

augmenting STAT1 and STAT2 phosphorylation during IFNβ stimulation and it does not play a 

role when IFNα is the ligand 26. Thus, it would be interesting to measure the level of STAT 

phosphorylation to further elucidate the reason for the weak induction of ISGs by IFNαs. 

The inherent bias of macrophages to produce IFNβ after stimulation with bacterial 

ligands led us to examine the contribution of IFNβ signaling to host defense in two different 

models of bacterial infection. In the E. coli peritonitis model, IFNAR signaling bolsters host 

resistance 12. Absence of IFNβ modestly decreases survival (Figure 3.4, A). Though we have 

previously published IFNβ is necessary for IL-10 induction in macrophages, other pathways also 

lead to IL-10 27.The presence of more IL-10 protein in the peritoneal cavity of IFNβ KO mice 

(Figure 3.4, E) suggests these other pathways contribute and/or compensate when IFNβ 

signaling is absent. 

Previously, we have shown that influenza infection promotes bacterial superinfection by 

signaling through IFNAR 22. Here we show IFNAR1 KO mice are protected but IFNβ KO are not 
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(Figure 3.6). This result suggests another type I IFN subtype may mediate the pathogenic 

activity. This could be one or more of the IFNα subtypes. IFNβ has been reported to promote 

tissue damage in a manner distinct from other type I IFNs 4,5. Others have observed IFNβ and 

IFNαs are functionally redundant during influenza infection, both promoting more severe tissue 

damage and are expendable for antiviral response 21. An alternate explanation could be that 

constitutive expression of IFNε is enhanced and/or sufficient to support superinfection. IFNε 28 

and IFNω 29 have been described to elicit antiviral activities in a manner similar to IFNα/β, 

however activity potency is dictated by their nuanced binding to IFNAR 30. 

Though we did not find an exclusive role for IFNβ in promoting lung bacterial 

superinfection, we recently observed influenza induced type I IFNs exert detrimental effects on 

the homeostasis of a distant organ (Appendix B) 31. IFNAR dependent intestinal microbiota 

dysbiosis was observed following sub-lethal lung infection with influenza. In addition, IFNAR 

signaling also promoted gut infection by Salmonella (Appendix B) 31. During single infection with 

Salmonella, IFNβ signaling contributes to pathogenesis by initiating a cell death process called 

necroptosis 5. Using IFNβ KO mice we will examine the role of influenza induced IFNβ on gut 

microbiota and Salmonella infection.  

Further studies are necessary to appreciate the dynamics of type I IFNs during bacterial 

infection. IFNβ is preferentially induced by macrophages and IFNβ signaling is required to 

amplify ISG expression. Yet, during infections where IFNAR signaling enhances host defense, 

IFNβ deficiency is less detrimental than IFNAR1 deficiency. Moreover, during post-influenza 

pneumonia where IFNAR signaling is detrimental, loss of IFNβ signaling does not promote host 

resistance. 
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Figure 3.1. Lipid A induced gene expression in WT, IFNAR1 KO and IFNβ KO BMMs. 

Scatter plots of gene expression level measured by RPKM after 4 (A) or 12 hours (B) incubation 

with lipid A. Heat map of type I IFN stimulated genes (C). 
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Figure 3.2. Expression of type I IFNs by BMMs is ligand dependent. WT, IFNAR1 KO and 

IFNβ KO BMMs were stimulated with lipid A for 4 and 12 hours (A), E. coli bacteria for 4 and 8 

hours (B) or VSV virus for 4 and 8 hours (C). 
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Figure 3.3. IFNβ signaling is required for induction of downstream ISG Mx1. WT, IFNAR1 

KO and IFNβ KO BMMs were stimulated with lipid A (A) or infected with either E. coli (B) or VSV 

(C) and gene expression was measured by qPCR. 
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Figure 3.4. Recombinant IFNβ and IFNα4 treatment elicit different magnitudes of ISG 

expression. BMMs from WT, IFNAR1 KO and IFNβ KO were stimulated with lipid A or 

incubated with 500 U of rIFNβ or rIFNα4 for 4 hours. Heat map of select ISGS (A). Gene 

expression measured by RPKM (B) and quantitative PCR (C) of different ISGs. 
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Figure 3.5. IFNβ signaling contributes to host survival during E. coli peritonitis. WT, IL-10 

KO and IFNβ KO mice were infected by intraperitoneal injection with 105 CFU of E. coli bacteria 

grown to mid-log phase and a separate cohort of WT and IFNβ KO mice were infected with 107 

CFU of E. coli bacteria; survival was monitored (A). Cohorts of mice infected with 105 CFU of E. 

coli bacteria were euthanized at 4 and 15 hours; bacterial burden in the blood and peritoneal 

lavage fluid was quantified (B), gene expression in peritoneal exudate cells was measured by 

quantitative PCR, serum ALT was determined by colorimetric assay (D) and IL-10 protein in the 

peritoneal lavage fluid was measured by ELISA (E).  
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Figure 3.6. Temporal progression of a sublethal Influenza PR8 infection initiated by non-

surgical intratracheal instillation. Mice were infected with 200 PFU of mouse adapted 

Influenza PR8 and weight change was monitored for 18 days (A). Lung viral load was quantified 

by qPCR (B) and plaque assay (C). Cellular infiltration was quantified in the bronchoalveolar 

lavage fluid by QuikDiff staining and microscopy (D). Transcription of type I IFNs in lung 

homogenate (E). Micrographs of lung sections stained for non-structural protein 1(NS1) of 

influenza, Clara cell specific protein (CCSP), surfactant protein C (SPC), an alveolar type II cell 

marker, and nuclei (DAPI).  



43 
 

 

 

 



44 
 

Figure 3.7. IFNβ deficient mice are not protected against post-influenza pneumonia. WT, 

IFNβ KO and IFNAR1 KO mice were infected by non-surgical intratracheal instillation with 200 

PFU Influenza PR8 on day 0 and/or with 104 CFU S. pneumoniae A66a on day 5. Mice were 

monitored daily and weight was recorded (A). Mice were euthanized on day 7. Bacterial burden 

in the lungs was determined by CFU assay (B). Lung viral load was quantified by relative gene 

expression of influenza M gene using qPCR (C). Induction of type I and type III IFNs (D) and 

ISGs (E) were also measured by qPCR as the fold change over uninfected WT and normalized 

to the housekeeping gene, L32. 
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Supplementary Table 3.1. ISGs induced by IFNAR1 and IFNβ signaling. 

 

  

Gene Symbol Ch25h Cd69 Irf7

Irgm1 Iigp1 Ifi203 Enpp4

Ifi35 Pmepa1 Mx2 Mov10

Irgm2 Flrt2 Nt5c3 Ddx60

Eif2ak2 Ptgdr2 Il15 Epsti1

Batf2 Nlgn2 Trim21 Mlkl

Trim30d Gm10865 Sp140 Dusp5

Nmi Spdya Papd7 Slc25a22

Setdb2 Cxcl10 Sp110 Nme9

Mitd1 Rsad2 Socs1 Tgif2

Prnp Ifit1 Nlrc5 Mndal

Tagap Cmpk2 Fam26f Atp10a

Slfn3 Oasl1 Zufsp Slfn1

Phf11c Ifit2 Tmem171 Zbp1

Mtfr2 Il27 Slfn9 Lgals3bp

Igtp Ifit3 Gbp7 Stat2

Daxx Mx1 Bambi-ps1 Mthfr

Tap1 Gbp2 Pcgf5 Herc6

Tor3a Slfn5 Il18 Ccl7

Parp12 Ifi204 Tnfsf10 Pydc3

Gm12250 Usp18 Casp7 Slc28a2

Etnk1 Ifi47 Cdk6 Frmd4a

Pml Ifi205 Gnb4 Pnp2

Mxd1 Slfn8 Mier3 Gbp9

Tlr3 Gbp3 Tmem67 Gm7030

Rbl1 Ddx58 Pyhin1 Lrp11

Ppm1k Parp10 Stat1 Tpbg

Gca Isg20 Cxcl9 Tnfaip6

Spsb1 Slamf9 Gm14446 Gem

Prr5l Xaf1 Slfn4 Zeb1

Gcnt2 Gm5431 Oas1b Shf

Cish Pydc4 Oas1a Tmem26

Lipg Oas1g Fcgr4 Rgcc

Ifnb1 Rgs14 Phf11d Mcmdc2

Serpina3g Ccl12 Tgtp2 Nos2

Plekha4 Il15ra Phf11a Ms4a4c

Ccne1 Oaf Hmga1 Ms4a6b

Tex12 Samhd1 Oasl2 Dhx58
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qPCR Forward: 5’ -> 3’  Reverse: 5’ -> 3’ 

L32 AAGCGAAACTGGCGGAAAC TAACCGATGTTGGGCATCAG 

   

Ifnb CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT 

   

Ifna4 CCTGTGTGATGCAGGAACC TCACCTCCCAGGCACAGA 

   

Ifna5 TGACCTCAAAGCCTGTGTGATG AAGTATTTCCTCACAGCCAGCAG 

   

Mx1 AAACCTGATCCGACTTCACTTCC TGATCGTCTTCAAGGTTTCCTTGT 

   

Tnfa GGTGCCTATGTCTCAGCCTCTT CGATCACCCCGAAGTTCAGTA 

   

Il1b GAGCTGAAAGCTCTCCACCTCA TCGTTGCTTGGCTCCTTGTAC 

   

Cxcl10 CCTGCCCA CGTGTTGAGAT TGATGGTCTTAGATTCCGGATTC 

   

Kc CAAGAACATCCAGAGCTTGAAGGT GTGGCTATGACTTCGGTTTGG 

   

Mip2 AGCTACATCCCACCCACACAG AAAGCCATCCGACTGCATCT 

   

Il10 TCATCGATTTCTCCCCTGTGA GACACCTTGGTCTTGGAGCTTATT 

   

Il27p28 CTCTGCTTCCTCGCTACCAC GGGGCAGCTTCTTTTCTTCT 

   

Ch25h TGCTACAACGGTTCGGAGC AGAAGCCCACGTAAGTGATGAT 

   

M gene 
(influenza) 

CATGGAATGGCTAAAGACAAGACC CCATTAAGGGCATTTTGGACA 
 

   

Genotyping   

Ifnb ATGAACAACAGGTGGATCCTCCA TTGAGGACATCTCCCACGTC 

   

Neomycin AGAGGCTATTCGGCTATGAC GATGCTCTTCGTCCAGATC 

 
 
Supplementary Table 3.2. Primer pairs for qPCR and genotyping. 
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Supplementary figure 3.1. Induction of type I IFNs by ex vivo differentiated cDCs and 

Flt3l-pDCs. Induction of Ifnb and Ifna4 by cDCs after stimulation with LPS, E. coli, or VSV for 4 

or 16 hours (A). Induction of Ifnb and Ifna4 by Flt3l-pDCs after stimulation with LPS, CpG-B, or 

CpG-B for 4 or 12 hours (B). 
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Supplementary Figure 3.2. Response of WT mice to incremental doses of mouse adapted 

influenza PR8. Mean weight change for WT mice (n = 4, per dose) infected by non-surgical 

intra-tracheal injection with incremental doses of PR8 (A). Representative micrographs of lung 

sections isolated from mice infected with incremental doses of PR8, collected on day 15: H&E 

stained, magnified 25X (B, E, H and K), and Masson’s trichrome stained, magnified 25X (C, F, I 

and L) and magnified 400X (D, G, J, and M).  
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MATERIALS AND METHODS 

Animals and Cell Culture 

All mice were bred and maintained in specific pathogen free facilities managed by the 

Department of Laboratory Animal Medicine at UCLA in strict accordance with protocols 

approved by the UCLA Animal Research Committee. Mouse experiments were carried out with 

age and sex matched WT, IFNAR1 KO, IFNβ KO, and/or IL-10 KO mice following UCLA Animal 

Research Committee approved experimental protocols. Mice were euthanized at experimental 

endpoints or if the animal met the defined criteria for euthanasia by CO2 asphyxiation, followed 

by confirmatory pneumothorax.  

Bone marrow derived macrophages (BMMs) were differentiated from bone marrow 

collected from wild type C57Bl/6 (WT), IFNAR1 KO backcrossed 9 generations onto C57Bl/6 32 

and IFNβ KO, a gift from Dr. Eleanor Fish. All mice were bred and maintained in specific 

pathogen free facilities managed by the Department of Laboratory Animal Medicine at UCLA in 

strict accordance with protocols approved by the UCLA Animal Research Committee. 

Bone marrow was flushed from four leg bones, pooled, and treated with ACK lysing 

buffer, a hypotonic solution for the removal of red blood cells. The remaining cells were counted 

and plated at 0.5 x 106/mL per well in 6-well tissue culture treated dishes containing 

macrophage differentiating medium (DMEM, 10% fetal bovine serum, 100 U/mL penicillin, 100 

μg/mL streptomycin, and 2% macrophage colony stimulating factor (MCSF) conditioned 

medium, collected from L929 cells overexpressing MCSF). 

Bone marrow derived plasmacytoid dendritic cells (Flt3l-pDCs) were differentiated by 

plating bone marrow collected from WT, IFNAR1 KO and IFNβ KO mice into sterile petri dishes 

containing pDC differentiating medium (RPMI, 10% fetal bovine serum, 100 U/mL penicillin, 100 

μg/mL streptomycin, and 100 ng/mL murine Flt3-ligand (R&D Systems, 427-FL-.025)) and 

culturing for 7 days 33. Conventional dendritic cells (BMDCs) were differentiated by plating bone 
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marrow cells into cDC differentiating medium (DMEM, 100 U/mL penicillin, 100 μg/mL 

streptomycin, and 10 ng/mL GM-CSF) and culturing for 6 days 33,34.  

In vitro stimulations and infections 

Adherent BMMs were stimulated or infected on day 7. Stimulations were accomplished 

by spiking in 100 ng/mL Lipid A purified from Eshcherichia coli O57 (Sigma). Escherichia coli 

O18ac:K1:H7 was inoculated from frozen glycerol stock into 4 mL trypticase soy broth and 

incubated overnight at 37°C, 250 rpm. The following day the culture was passaged 1:10 and 

grown to mid-log phase, ~2.5 hours. Bacteria cell concentration was determined by optical 

density at 600 nm and a previously established growth curve, then verified by colony forming 

unit (CFU) analysis by plating serial dilutions on trypticase soy agar. Bacteria were pelleted, re-

suspended in DPBS, then added to BMMs at a multiplicity of infection (MOI) of 10. Vesicular 

stomatitis virus (VSV) was prepared and tittered by by Dr. Roghiyari (Saba) Aliyari. Briefly, VSV 

virus was amplified by infecting VERO cells; resulting virions in the supernatant were collected, 

filtered through 0.2 μm filter, aliquoted, then frozen at -80°C. Activity of frozen stock was 

measured by plaque assay. For in vitro infection, frozen VSV stocks were thawed on ice and 

used directly at a MOI of 1. 

Differentiated BMDCs were collected from untreated sterile petri dishes, counted and re-

plated at 0.5 x 106 per well in a 24-well plate. Cells were stimulated with 100 ng/ml LPS or 

infected with E. coli, MOI 10 or VSV, MOI 1, for 4 and 16 hours. Differentiated Flt3l-pDCs were 

pooled, counted, re-plated at 0.5 x 106 per well in a 6-well plate, and then stimulated with either 

5 μg/mL LPS, 75 nM CpG B 1826, or 75 nM CpG A ODN 1585, for 6 and 12 hours.  

RNA Isolation and quantitative RNA measurement 

Total RNA was isolated using Trizol Reagent (Invitrogen) according to the 

manufacturer’s protocol. RNA was quantified using NanoDrop 2000 and 0.5 or 1 μg was used to 

make complementary DNA (cDNA) templates using iScript™ cDNA Synthesis Kit (Bio Rad) 
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according to the manufacturer’s instructions and oligo-dT primers. Real time quantitative PCR 

(qPCR) was carried out using iTaq™ SYBR® Green Supermix reagent (Bio Rad) and measured 

using MyiQ™ Single-Color Real-Time PCR Detection System (Bio Rad). Gene specific primers 

are listed in Supplementary Table 3.2. Amplification was carried out with the following 

conditions: 95.0°C for 3:00 min, 95.0°C for 0:03 sec, 60.0°C for 0:20 sec; repeated 39 times 

followed by a melt curve from 65.0°C to 95.0°C, at 0.5°C increments, each 0:05 sec. Cycle 

threshold values for the gene of interest were normalized to the housekeeping gene, L32, and 

fold expression was normalized to the untreated, wild type control. For detection of Influenza M 

protein gene expression, relative expression was determined by standard curve method and 

normalized to L32. Lung PR8 was also measured by RT-PCR with primers specific for the 

influenza M gene. 

Samples for RNASeq analysis were prepared by Dr. Shankar Iyer and analyzed by Dr. 

Aiping Wu. Briefly, BMMs differentiated from WT, IFNAR1 KO, IFNβ KO were unstimulated or 

stimulated with 100 ng/mL lipid A for 4 or 12 h. 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 (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. The reads counts were 

calculated with HTSeq (Anders et al. 2014) and further used to generate RPKM for all mm9 

RefSeq genes (Pruit et al. 2005). Differential analyses for WT vs. IFNAR vs. IFNb were 

performed using DEseq2 (Love et al. 2014) with default parameters for three conditions. 
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Significance was corrected for multiple testing models using standard Benjami-Hochberg tests. 

Differential expressed genes had a p(adj)<0.05. 

E. coli peritonitis 

E. coli bacteria were prepared as described above in “In vitro sitmulations and 

infections”. Mice were infected by intraperitoneal injection, monitored at least twice a day for 

signs of illness, and euthanized if displaying signs of morbidity or at the experimental end point 

of 5 days. To establish the non-lethal dose, wild type mice were infected with incremental 

amounts of E. coli and monitored for survival. In most experiments, mice were infected with 105 

CFU mid-log phase E. coli. Mice were monitored for survival and cohorts were euthanized 4 and 

15 hours post-infection to determine the bacterial load and assay the immune response. Mice 

were euthanized by CO2 asphyxiation. Blood was collected by cardiac puncture; one drop (~50 

μl) was placed into an EDTA coated tube and placed on ice while the remaining was allowed to 

clot at RT for 30 min, centrifuged and the resulting serum fraction was transferred to a clean 

tube. The peritoneal cavity was lavaged by injecting 5 ml ice cold DPBS+2% FBS into the 

peritoneal cavity using a 27-Gauge needle and massaging the peritoneal cavity. The peritoneal 

lavage fluid (PLF) was collected by tenting the peritoneum with forceps, making a small cut, and 

then inserting a 20-Gauge needle and aspirating the fluid containing the cells. Similar volumes 

were recovered from each mouse. To measure IL-10 levels in the PLF, a portion of the PLF was 

clarified by centrifugation then analyzed by ELISA according to the manufacturer’s protocol 

(R&D Systems, DY417). To measure gene transcription in the peritoneal exudate cells (PECs), 

PECs were pelleted and RNA was isolated using TRIzol Reagent (Invitrogen). The blood and 

PLF was serially dilution and plated on blood agar plates to determine the number of colony 

forming units. Serum inflammatory marker, alanine transferase (ALT) was measured using the 

Vet Axcel Chemistry Analyzer (Alfa Wassermann) (UCLA DLAM Diagnostics Lab). 

In vivo infections by non-surgical intratracheal instillation 
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Influenza PR8 virus, a kind gift from Dr. Su-Yang Liu, was diluted to 200 plaque forming 

units (PFU) in a final volume of 60 μl in pharmaceutical grade PBS. Streptococcus pneumonia 

A66a, a generous gift from Dr. Jane Deng, M.D., was inoculated from frozen glycerol stock into 

Todd Hewitt broth and incubated for 6 h in a static 37°C incubator containing 5% CO2. The 

concentration of the resulting culture was quantified by absorbance at 600 nm and adjusted to 

104 CFU in final 60 μl pharmaceutical grade PBS.  

Infection was accomplished by anesthetizing mice with an intraperitoneal injection of a 

ketamine-xylazine mixture (100 mg/10 mg/kg), then individually suspended and secured an 

angled stand. Using forceps covered with polypropylene tubing, the tongue and lower jaw were 

held and 60 μl of the virus solution was instilled into the back of the throat. Following aspiration 

of the inoculum, the mouse was monitored for signs of rapid breathing, an indicator of 

successful pulmonary instillation, then gently removed from the stand and placed on warming 

pads until completely ambulatory. Mice were observed daily and weight was recorded.  

Influenza infection time course 

Mice were infected as described above with 200 PFU Influenza PR8. On day 0, 3, 7, 12 

and 21 cohorts of four mice were euthanized and organs were collected. Blood was collected by 

cardiac puncture, allowed to clot at room temperature, then serum was isolated by 

centrifugation, transferred to a sterile tube and stored at -80˚C until further analysis. The lungs 

from 2 mice were excised, lobes were separated and placed in a 2 mL FastPrep 

homogenization tube containing lysing matrix D. Sterile DPBS was added to give a final 20% 

w/v suspension and homogenized using a FastPrep-24 Instrument, 6 m/s, 45 s (MP 

Biomedicals, Santa Ana, CA). Lung homogenate was diluted 1:10 in TRIzol Reagent (Life 

Technologies, Grand Island, NY) for analysis of gene expression; and serially diluted for 

quantification of viral titer by plaque assay. Viral titer was determined by plating a monolayer of 

MDCK cells in 6-well tissue culture treated plates, then incubating cells lung homogenate, 
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serially diluted in virus dilution buffer (PBS with 1% Penicillin/Streptomycin, 0.2% BSA, 0.005% 

DEAE Dextran, 1X CaCl2/MgCl2), for 1 h at 37˚C. Extracellular virus was removed by gently 

washing the monolayer, then an overlay containing 2% low melting point agarose in virus 

growth medium (MEM containing BME vitamins, 10 mM HEPES, 1% Penicillin/Streptomycin, 

0.15% NaHCO3, 0.2% BSA, 0.0015% DEAE Dextran, 0.7 mg/ml TPCK-treated Trypsin) was 

applied and plates were incubated for 2 days at 37°C. The overlay was gently aspirated, then 

the plates were incubated with 0.3% crystal violet in 20% ethanol and plaque forming units were 

enumerated. 

The lungs from the remaining two mice were lavaged with 5 mM EDTA-DPBS to collect 

infiltrating white blood cells, then sequentially perfused with 5mM EDTA-DPBS and 

paraformaldehyde, and paraffin embedded for histological analysis. H&E staining was 

performed by the Translational Pathology Core Laboratory (UCLA) and the Masson’s trichrome 

staining was completed by the Division of General Histology (UCLA). 5 μm sections mounted on 

glass slides were de-paraffinized using standard techniques, then treated with Proteinase K 

solution (20 mg/ml Proteinase K (Sigma), in 50mM Tris-Cl, 1mM EDTA, pH 8.0) for 20 min in a 

humid chamber at 37°C, to expose antigens. Sections were incubated with blocking buffer (3% 

(m/v) BSA in 1x PBS, containing 0.2% (v/v) Triton X-100) for 1 h in a humid chamber at room 

temperature (RT). Primary antibodies were diluted in blocking buffer as indicated: 1:100 for 

monoclonal mouse anti-Influenza A NS1 antibody (Santa Cruz Biotechnology, sc-130568), 

1:200 for polyclonal rabbit anti-CCSP antibody (US Biological, C5828), and 1:100 for goat anti-

pro-SPC (Santa Cruz Biotechnology, sc-7706). The primary antibody master mix was laid over 

the section and incubated in humid chamber under 4°C, overnight. Sections were gently 

washed 3x with PBS, then a master mix of secondary antibodies, donkey anti-mouse Alexa 488, 

donkey anti-rabbit Alexa 555, donkey anti-goat Alex 647 (Life Technologies), each diluted 1:100 

in blocking buffer was applied, then incubated in a darkened humid chamber for 2 h, at RT. 
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Sections were gently washed and SlowFade® Gold Antifade Reagent with DAPI (Life 

Technologies, S36938) was applied with a cover slip. Sections were imaged with a Zeiss Axio 

Observer.Z1 microscope and AxioVision software (Zeiss). 

Secondary bacterial pneumonia 

Mice were infected with 200 PFU Influenza PR8 on day 0, then with 104 CFU S. 

pneumonia on day 5, or singly infected with 104 CFU S. pneumonia. All mice were euthanized 

48 hours after infection with S. pneumonia. Blood was collected by cardiac puncture; one drop 

(~50 μl) was placed into an EDTA coated tube and placed on ice, while the remaining was 

transferred to a sterile tube and processed for serum isolation as described above. Lungs were 

separated and collected into a 2 mL FastPrep homogenization tube containing lysing matrix D 

containing 1 ml 5 mM EDTA-DPBS. Lungs were homogenized used for CFU assay or diluted 

1:10 into Trizol Reagent for RNA extraction and processed as described above. EDTA treated 

blood and lung homogenate were serially diluted in 5 mM EDTA-DPBS and plated on blood 

agar plates and incubated overnight in a static 37°C incubator containing 5% CO2.  
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Type I IFNs in non-infectious disease 
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ABSTRACT 

 Ligation of pattern recognition receptors (PRRs) is a hallmark of innate immune 

activation. Type I IFNs are pleiotropic cytokines produced during the early host response that, 

through the induction of interferon stimulated genes (ISGs), can cause transient and long term 

alterations to the immune response and homeostasis of non-immune tissue. CXCL10, an ISG 

that recruits immune cells such as natural killer (NK) cells and T cells, contributes to the 

pathogenesis of non-infectious disease. Here, we examined the contribution of CXCL10 to LPS 

induced endotoxic shock. We found CXCL10 promotes host susceptibility, but only among 

female mice. There was no significant difference between male and female mice in the number 

of cells expressing CXCR3, the receptor for CXCL10, but there is evidence to suggest CXCR3 

is required for CXCL10 pathogenesis. Next, we examined innate immune activation by poly I:C 

in experimental autoimmune encephalitis (EAE), the mouse model of multiple sclerosis (MS). 

Previously, we found deficiency of adapter proteins upstream of type I IFN exacerbated EAE. 

Here, we show poly I:C transiently attenuates symptoms of chronic EAE, likely through ligation 

of TLR3. Finally, we investigated the role of IFNAR signaling in social behavior in mice with 

Tsc2 haploinsufficiency, a model of human tuberous sclerosis disorder. We found, expression of 

type I IFNs and ISGs are enhanced in Tsc2+/- mice treated with poly I:C. Moreover, we 

discovered that while dysregulation at the gene level is transient, treatment with poly I:C during 

early development confers lasting social behavior defects. 
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INTRODUCTION 

Several non-infectious diseases have chronic or re-occurring symptoms or produce 

seemingly irreversible phenotypes. In some cases, these types of diseases arise as a side 

effect of the host response to an immune stimulating event. Pathogen associated molecular 

patterns (PAMPs) or host response to infectious pathogens may promote autoimmune disease 1 

or alter fetal development 2,3. Type I IFNs and downstream ISGs contribute to the pathogenesis 

of non-infectious disease. The pleiotropic nature of type I IFNs not only leads to the 

development of the host antiviral response, but also regulates inflammation 4, induces cell death 

5,6 and alters tissue architecture 7. 

To explore the role of ISGs and type I IFN signaling we examined three models of non-

infectious disease: LPS induced endotoxic shock; EAE, the mouse model of MS; and tuberous 

sclerosis disorder.  

LPS induced endotoxic shock 

In the mouse model of LPS induced endotoxic shock, signaling by IFNβ through the 

IFNAR1-TYK2 axis is lethal. Mice deficient in the IFNβ 8, IFNAR complex 9, IFNAR1 10, or TYK2 

8 survive LPS challenge. CXCL10/IP-10, is a chemokine upregulated by type I IFN that is often 

used as a biomarker of septic shock 11. CXCL10 and the closely related CXCL9 and CXCL11, 

all signal through CXCR3, a receptor predominately expressed on natural killer (NK) cells, NK T 

cells, and CD8+ T cells. The role of CXCL10 in disease is contradictory. CXCL10 has been 

reported to ameliorate EAE symptoms 12, protect against sepsis 9,13 and protect against virus 

mediated tissue damage 14. Yet, CXCL10 has also been reported to enhance the pathogenesis 

of influenza 15 and bronchiolitis-like inflammation 16, block crypt regeneration 17,18 and promote 

autoimmunity 19,20. Interestingly, some studies have found CXCL10 mediates detrimental effects 

such as apoptotic cell death through a non-canonical pathway involving ligation of TLR4 and 

that leads to sustained signaling through Akt and JNK 21,22. 
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To determine whether CXCL10 is involved in the pathogenesis of LPS induced 

endotoxic shock, CXCL10 deficient mice were injected with LPS and survival was compared to 

similarly injected WT mice.  

Multiple sclerosis/Experimental autoimmune encephalitis 

IFNβ is clinically used to treat multiple sclerosis 23. 30% of patients with relapsing and 

remitting multiple sclerosis (RRMS) benefit from IFNβ treatment. Furthermore, in the mouse 

model of relapsing and remitting EAE (RR-EAE), deficiency in IFNβ exacerbates the disease 24, 

whereas treatment with an inducer of type I IFNs, poly I:C, alleviates symptoms 25. In the RR-

EAE, TLR3 sensing of poly I:C leads to IFNβ 25.  

Previously, our lab found TRIF, the adapter for TLR3 that leads to induction of type I 

IFNs, is necessary for reducing symptom of chronic EAE26 In this study we investigated whether 

poly I:C induced type I IFNs attenuate chronic EAE. Furthermore, we examine the pathway 

activated by poly I:C that leads to production of IFNβ.  

Tuberous sclerosis complex and Autism 

Mutations in the tuberous sclerosis complex (TSC), TSC1 or TSC2, manifests as 

autosomal dominant disorder. Patients with tuberous sclerosis complex disorder are more likely 

to experience neuropsychiatric disorders such as autism spectrum disorder than patients with 

WT TSC1 and TSC2. Yet, not all patients will exhibit symptoms suggesting that additional 

factors contribute to the development of autism spectrum disorder. 

Gestational immune activation by poly I:C confers long term social deficits to Tsc2+/- 

pups 3. Social defects, permanent and transient, are also noted when pups or adults are treated 

with poly I:C (unpublished data). To understand how poly I:C may be differentially experienced 

by Tsc2+/- mice, we examined the gene expression pattern in the spleen and in the brain at 

different time points after intraperitoneal injection with poly I:C. In addition, we measured the 



64 
 

expression of type I IFNs and ISGs in adult mice that were recently injected with poly I:C or 

injected as pups.  
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RESULTS 

CXCL10 deficiency enhances survival of female mice from LPS induced endotoxic shock 

 We set up a model of LPS induced endotoxic shock to investigate the effect of CXCL10. 

To our surprise, we found Cxcl10-/- females were more resistant to endotoxic shock than 

Cxcl10-/- males or WT mice, either gender (Figure 4.1, A). We examined the cell population in 

the peritoneal cavity, 6 hours after the administration of LPS, using flow cytometry and 

fluorescently labeled antibodies specific for F4/80, a macrophage marker, NK1.1, a natural killer 

cell marker, and CD3ε, a T cell marker. Compared to WT females or Cxcl10-/- males, there was 

no significant difference in the type or abundance of immune cell recruitment to the peritoneal 

cavity (Figure 4.1, B). Measurement of tissue damage markers in the serum revealed survival 

was associated with decreased concentrations of serum ALT, AST and LDH in the Cxcl10-/- 

female (Figure 4.1, C-E). 

 Sex hormones are known to modulate the immune response 27,28 and influence disease 

susceptibility 29,30. Estradiol, in particular, has been found to attenuate production of the pro-

inflammatory cytokine, TNFα 28, a key mediator of endotoxic shock 31. To determine whether 

estradiol alters the gene expression of inflammatory cytokines, splenocytes from male and 

female WT and Cxcl10-/- mice were collected. Flow cytometric analysis of cells labeled with 

fluorescent antibodies against NK and T cells revealed no significant difference in the basal 

abundance of CXCR3+ cells (Figure 4.2, A). Ex vivo treatment of the splenocytes with 17-β-

estradiol followed by LPS for 6 hours showed no significant difference between estradiol treated 

and untreated cells (Figure 4.2, B). Similar treatment of bone marrow derived macrophages 

(BMMs) from these same mice, also showed no difference in LPS induced transcription of Tnfa 

or Il6 between estradiol treated and untreated cells (Figure 4.2, C and D).  

 CXCL10 has been found to promote pathogenesis by signaling through a non-canonical 

pathway that requires ligation of TLR4 21,32. To determine whether the canonical receptor 



66 
 

contributes to the pathogenesis and mortality of WT females, we injected Cxcr3-/- with LPS. A 

similar trend was observed; survival was increased Cxcr3-/- females compared to Cxcr3-/- 

males. In this experiment, however, the Cxcl10-/- controls did not show the phenotype previous 

observed (Figure 4.2, E). One variable that may account for the loss of the phenotype is the age 

of the mouse. In this experiment, the mice were one month older than in all previous 

experiments. 

Poly I:C treatment transiently attenuates chronic EAE 

Poly I:C, has been shown to reduce symptoms of relapsing and remitting EAE, but 

inducing the expression of IFNβ. To determine whether treatment with poly I:C would attenuate 

symptoms of chronic EAE, we induced EAE in WT mice and one week later a cohort was 

treated with poly I:C, every other day for a total of three times. Mice were weighed and scored 

daily for at least 30 days. As the disease progressed, poly I:C treated mice displayed a similar 

weight loss trend as WT mice, but between days 12 and 19 poly I:C treated mice experienced a 

less dramatic percent weight loss than WT mice (Figure 4.3, A). The reduced weight loss was 

accompanied by a delay in symptom onset and a lower overall clinical score (Figure 4.3, B). 

Yet, beyond day 30, there was no significant difference in weight change or clinical score (data 

not shown). At the tissue level, we did not find a substantial difference in the inflammatory cell 

infiltration (Figure 4.3, C – F) or in demyelination (Figure 4.3, G). 

Poly I:C can signal through the cytosolic RIG-I pathway that uses the adaptor CARDIF 

(also known as IPS-1, MAVS, VISA)  to induce type I IFNs 33, as well as through the TLR3-TRIF 

pathway 34.  To determine which receptor was responsible for the mild attenuation of symptoms 

mediated by poly I:C treatment, chronic EAE was induced in TLR3 KO and TLR3/CARDIF 

double KO mice. TLR3 KO mice experienced more weight loss (Figure 4.4, A) and more severe 

clinical symptoms than TLR3/CARDIF double KO (Figure 4.4, B), yet severity was less than that 

observed in WT mice (Figure 4.3, A and B). This result was unexpected, we anticipated that 



67 
 

TLR3 deficient mice would display more severe symptoms than WT mice, yet here we find little 

difference.  

Type I IFNs and downstream ISGs are elevated in Tsc2+/- mice 

 During early development and in the nervous system, the heterodimeric TSC1/TSC2 

complex negatively regulates the mTOR pathway. To determine whether type I IFN expression 

is dysregulated in Tsc2+/- mice, we measured its magnitude and kinetics of expression in mice 

treated with a single intraperitoneal injection of poly I:C. A distinct and progressive type I IFN 

signature was observed in the spleen. Ifnb, and to a lesser extent, Ifna4 were upregulated in 

both WT and Tsc2+/- splenocytes at 2 hours, while the ISG, Mx1, was elevated at 2 hours, 

peaked at 4 hours was diminishing by 12 hours (Figure 4.5, A). The type I IFN signature was 

less prominent in the hippocampus, a modest increase in Ifnb, not Ifna4, was observed at 2 

hours and Mx1 peaked at 4 hours (Figure 4.5, B). The magnitude of Ifnb transcription was 

moderately elevated in Tsc2+/- compared to WT and this translated into significantly higher 

IFNβ protein expression in the serum, p <0.0001 (Figure 4.5, C). Translation of the ISG CXCL10 

is negatively regulated by TSC2 35, so we measured the level of CXCL10 in the serum. Our 

results suggest CXCL10 was elevated in the serum in the serum of Tsc2+/- mice, however the 

variance was too large to determine whether the increase was significant (Figure 4.5, D). 

 Poly I:C treatment of Tsc2+/- pups leads to long lasting behavioral defects, whereas 

treatment of adults results in transient behavioral defects. To investigate whether the behavioral 

defects were due to altered gene expression, we measured gene expression in the spleen of 

adult mice that were either injected with a series of 4 doses of poly I:C as pups or as adults. 

Genes associated with a type I IFN response were upregulated in mice injected as adults, but 

not in mice injected as pups (Figure 4.6). Contrary to the kinetics experiment (Figure 4.5), WT 

and Tsc2+/- mice exhibited similar levels of Ifnb transcript when adult mice were injected 2 

hours prior to organ harvest (Figure 4.6, A). However, expression of Irf7 and Il27p28 was 
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enhanced in Tsc2+/- mice, but the increase was not significant, p = 0.224 and p = 0.145, 

respectively. 
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DISCUSSION 

Surprisingly, we found a sex effect in mice deficient for CXCL10 during LPS induced 

endotoxic shock that favored the survival of females, not males (Figure 4.1, A). There was no 

difference in the distribution of the cell types recruited to the peritoneal cavity in WT and 

CXCL10 KO females (Figure 4.1, B), but we did find females deficient in CXCL10 had less 

tissue damage as measured by serum ALT, AST and LDH (Figure 4.1, C – E).  

Sex effects have previously been observed in rats LPS endotoxic shock, however the 

mechanism was not determined 36. To explore the mechanism, we examined the effect of 

estradiol on the immune response to LPS. Splenocytes and BMMs from WT and CXCL10 KO 

were pretreated with estradiol then stimulated with LPS. We did not find a difference in the 

transcription of pro-inflammatory cytokines (Figure 4.2, B – D), however that does not eliminate 

the possibility that estradiol treatment had an effect at the protein level.   

Finally, we conducted a pilot study to determine whether CXCL10 pathogenesis was 

mediated by the canonical receptor, CXCR3, or through the non-canonical receptor TLR4 21,32. 

Previously, CXCL10 ligation of TLR4 was shown to promote apoptosis in a mouse model of 

diabetes 22. Here however, we found survival of CXCR3 KO females was greater which 

suggests CXCL10-CXCR3 signaling contributes to pathogenesis. Unfortunately, in this 

experiment all of the CXCL10 KO females in this experiment died (Figure 4.2, E). This result 

was unexpected. Retrospective analysis shows the CXCL10 KO females were older than those 

used in previous experiments and older than the CXCR3 KO females in the current experiment. 

This suggests that while gender is a factor in survival, age may also play a role. 

In the EAE model, treatment of WT mice with poly I:C transiently attenuates disease 

severity (Figure 4.4, A and B). The benefits, however, were not as striking as in the RR-EAE 

model 25. In trying to determine which pathway is responsible for the modest protection 

conferred by poly I:C we found that without the endocytic TLR3 or the cytosolic adapter, 
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CARDIF, mice experience less severe symptoms (Figure 4.3, H and I). Treatment, however, of 

TLR3 KO mice with poly I:C exacerbated symptoms which suggest TLR3 signaling is beneficial 

(Figure 4.4, C and D).  

In examination of the type I IFN response in WT and Tsc2+/- mice, we find there is no 

difference in the kinetics of expression, but rather a difference in magnitude (Figure 4.5, A). The 

spleen (Figure 4.5, A) was more reactive than the hippocampus (Figure 4.5, B) to treatment with 

poly I:C. Induction of higher amounts of type I IFNs in Tsc2+/- mice was accompanied by 

elevated levels of IFNβ in the serum (Figure 4.5, C). This suggests circulating type I IFNs may 

induce changes in the brain. Indeed, distant expression of virus induced type I IFNs is observed 

to activate IFNAR signaling in the brain 2.  

Finally, we examined the type I IFN signature in WT and Tsc2+/- mice immediately 

following social behavior testing. These mice were either injected multiple times with poly I:C as 

pups and tested as adults, or injected multiple times as adults and tested two hours after the 

final injection. Though both groups exhibit social behavior deficits (data not shown), only the 

acutely injected adults express a type I IFN gene signature (Figure 4.6). This result suggests the 

long lasting effects of poly I:C are not at the mRNA level. 
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Figure 4.1. CXCL10 deficiency in female mice attenuates LPS induced endotoxic shock. 

Survival proportions of male and female, WT and Cxcl10-/- mice following intraperitoneal 

injection of 30 mg/kg E. coli 055:B5 LPS (A). Identify and distribution of peritoneal exudate cells 

by fluorescent antibody staining and flow cytometry 6 hours after LPS injection (B). 

Concentration of tissue damage biomarkers, ALT (C), AST (D) and LDH (E), in the serum 6 

hours after LPS injection. 
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Figure 4.2. Role of estradiol and CXCR3 in LPS induced endotoxic shock. Expression of 

CXCR3 on naïve splenic T cells and NK cells from 1 male and female, WT and Cxcl10-/- mouse 

(A). Expression of Tnfa by splenocytes (B) or Tnfa (C) and Il6 (D) by BMMs treated overnight 

with 17-β-estradiol, followed by a 6 hour stimulation with LPS. Survival curve of male and 

female Cxcl10-/- and Cxcr3-/- treated with 30 mg/kg E. coli 055:B5 LPS (E). 
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Figure 4.3. Chronic EAE is transiently attenuated by poly I:C treatment. Mean percent 

weight change (A) and mean clinical score (B) for WT untreated or treated with poly I:C one 

week after the induction of chronic EAE. H&E stained longitudinal spinal sections magnified 25X 

(C), 100X (D), and 400X (E). H&E stained (F) and luxol fast blue (G) stained cerebellum 

magnified 25X. All tissues were collected on day 44 and are representative of 3 independent 

experiments. 
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Figure 4.4. Contribution of TLR3 and Cardif signaling to EAE progression. Mean percent 

weight change (A) and mean clinical score (B) of TLR3 KO and TLR3/Cardif double KO mice. 

Mean percent weight change (C) and mean clinical score (D) of TLR3 KO treated with 100 µg 

poly I:C.  
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Figure 4.5. Kinetics of type I IFNs in Tsc2+/- mice. WT and Tsc2+/- mice were treated with 

50 µg poly I:C by intraperitoneal injection. At 0 (mock treated), 2, 4, 12, 24 and 48 hours post 

injection, a cohort of 3 mice of each genotype were euthanized. Expression of type I IFNs and 

ISGs was measured by qPCR in the spleen (A) and hippocampus (B). Protein levels of IFNβ (C) 

and CXCL10 (D) in the serum were measured by ELISA. 
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Figure 4.6. Poly I:C induced gene signature is transient. Spleens from WT and Tsc2+/- mice 

injected with four consecutive doses of 50 µg poly I:C, as pups or as adults were collected. 

Induction of Ifnb (A), Mx1 (B), Cxcl10 (C), Irf7 (D), Il27p28 (E), Il10 (F) and Il1b (G) was 

measured by qPCR. WT: n = 5, Tsc2+/-: n = 7. 
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 Forward: 5’ -> 3’  Reverse: 5’ -> 3’ 

L32 AAGCGAAACTGGCGGAAAC TAACCGATGTTGGGCATCAG 

   

Ifnb CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT 

   

Ifna4 CCTGTGTGATGCAGGAACC TCACCTCCCAGGCACAGA 

   

Irf7 ACAGGGCGTTTTATC TTGCG TCCAAGCTCCCGGCTAAGT 

   

Mx1 AAACCTGATCCGACTTCACTTCC TGATCGTCTTCAAGGTTTCCTTGT 

   

Tnfa GGTGCCTATGTCTCAGCCTCTT CGATCACCCCGAAGTTCAGTA 

   

Il1b GAGCTGAAAGCTCTCCACCTCA TCGTTGCTTGGCTCCTTGTAC 

   

Il6 CACAGAGGATACCACTCCCAACA TCCACGATTTCCCAGAGAACA 

   

Cxcl10 CCTGCCCA CGTGTTGAGAT TGATGGTCTTAGATTCCGGATTC 

   

Il10 TCATCGATTTCTCCCCTGTGA GACACCTTGGTCTTGGAGCTTATT 

   

Il27p28 CTCTGCTTCCTCGCTACCAC GGGGCAGCTTCTTTTCTTCT 

 

Supplementary Table 4.1. Primer pairs for qPCR. 
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MATERIALS AND METHODS 

Animals 

All mice were bred and maintained in specific pathogen free facilities managed by the 

Department of Laboratory Animal Medicine at UCLA in strict accordance with protocols 

approved by the UCLA Animal Research Committee. Male and female mice were used for 

experimental autoimmune encephalitis experiments, while only male mice were used for 

experiments studying the type I IFN signature in Tsc2 heterozygous mice. 

Bone marrow derived macrophages 

Bone marrow was flushed from four leg bones, pooled, and treated with ACK lysing 

buffer, a hypotonic solution for the removal of red blood cells. The remaining cells were counted 

and plated at 0.5 x 106/mL per well in 6-well tissue culture treated dishes containing 

macrophage differentiating medium (DMEM, 10% fetal bovine serum, 100 U/mL penicillin, 100 

μg/mL streptomycin, and 2% macrophage colony stimulating factor (MCSF) conditioned 

medium, collected from L929 cells overexpressing MCSF) 

RNA Isolation and quantitative RNA measurement 

Total RNA was isolated using Trizol Reagent (Invitrogen) according to the 

manufacturer’s protocol. RNA was quantified using NanoDrop 2000 and 0.5 or 1 μg was used to 

make complementary DNA (cDNA) templates using iScript™ cDNA Synthesis Kit (Bio Rad) 

according to the manufacturer’s instructions and oligo-dT primers. Real time quantitative PCR 

(qPCR) was carried out using iTaq™ SYBR® Green Supermix reagent (Bio Rad) and measured 

using MyiQ™ Single-Color Real-Time PCR Detection System (Bio Rad). Gene specific primers 

are listed in Supplementary Table 4.1. Amplification was carried out with the following 

conditions: 95.0°C for 3:00 min, 95.0°C for 0:03 sec, 60.0°C for 0:20 sec; repeated 39 times 

followed by a melt curve from 65.0°C to 95.0°C, at 0.5°C increments, each 0:05 sec. The cycle 
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threshold values for the gene of interest were normalized to the housekeeping gene, L32, and 

fold expression was normalized to untreated, wild type control. 

LPS Induced Endotoxic Shock 

LPS from E. coli 055:B5 (Sigma, L2637-25MG) was brought into solution with sterile 

saline, final 10 mg/ml. The solution was sonicated for 5 min in an immersion bath sonicator on 

LOW setting. Mice were weighed, then injected via the intraperitoneal route with 30 mg/kg. For 

survival studies, mice were monitor twice daily and any mouse showing signs of morbidity was 

euthanized immediately. For mechanism studies, mice were injected with 30 mg/kg LPS and 

euthanized 6 hours later. Blood was collected by cardiac puncture, allowed to clot at RT for 30 

min, centrifuged and the resulting serum fraction was transferred to a clean tube. Serum 

inflammatory markers, ALT and AST were measured using the Vet Axcel Chemistry Analyzer 

(Alfa Wassermann) (UCLA DLAM Diagnostics Lab). Peritoneal exudate cells (PECs) were 

dislodged by injecting 5 ml ice cold DPBS+2% FBS into the peritoneal cavity using a 27-Gauge 

needle and massaging the peritoneal cavity to release the resident and infiltrating immune cells. 

The PECs were collected by tenting the peritoneum with forceps, making a small cut, and then 

inserting a 20-Gauge needle and aspirating the fluid containing the cells. Similar volumes were 

recovered from each mouse. The PECs were washed and quantified by trypan blue exclusion 

on a hemocytometer. PEC composition and distribution was determined by fluorescent antibody 

staining and flow cytometry. 1 x 105 cells were stained with a master mix containing anti-mouse 

F4/80-FITC (eBioscience, 11-4801-81), anti-mouse NK1.1-PE (eBioscience, 12-5941-83) and 

anti-mouse CD3e-APC (BD, 553066) for 20 min at 4°C. Unbound antibodies were removed by 

washing 3x with DPBS-2% FBS. Cells were fixed with 2% formaldehyde in PBS, analyzed using 

the BD FACSVerse and data was analyzed with FlowJo software (Tree Star, Inc.). 

Immune cell distribution and ex vivo stimulations were carried out with splenocytes and 

BMMs. The spleen was collected from naïve mice, gently dissociated and single cells were 
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collected by passing the homogenate through a 70 µm nylon mesh strainer. The cells were 

centrifuged then re-suspended in 1ml ACK lysing buffer and incubated on ice for 5 min. Cell 

were rescued with DPBS-2% FBS, washed and suspended in DPBS-2% FBS. To analyze 

spleen cell composition, an aliquot of cells was plated at a density of 1 x 106 cells per 10 cm 

dish for 1 hour to selectively remove macrophage cells. Unattached cells were collected, 

centrifuged and quantified by trypan blue exclusion. Cells were stained with anti-mouse CXCR3-

PE (Biolegend, 126505), anti-mouse CD3e-FITC (Biolegend, 100306), and anti-mouse NK1-

APC for 20 min at 4°C. Cells were washed and fixed with 2% para-formaldehyde-DPBS.  

Ex vivo stimulations were carried out by directly plating 0.5 x 106 splenocytes per well in 

a 12-well tissue culture plate or by differentiating bone marrow cells to macrophages with 2% 

MCSF for 7 days. To study the effect of 17-β-estradiol (Sigma E2257-1mg) on LPS induced 

gene transcription or on CXCR3 expression, splenocytes were treated overnight with 1 pM or 1 

nM of 17-β-estradiol or its solvent, ethanol. LPS was added and incubated for 11 hours. To 

quantify gene expression, adherent and non-adherent cells were collected and pooled in Trizol 

reagent. RNA was extracted according to manufacturer’s protocol (Invitrogen). To measure 

CXCR3 expression, non-adherent cells were collected, stained and analyzed as described 

above for naïve cell analysis. BMMs were treated overnight with similarly 1 pM or 1 nM of 17-β-

estradiol or its solvent, ethanol, the next day 100 ng/ml LPS was added and incubated for 6 

hours, and then collected into Trizol for RNA extraction. 

Experimental Autoimmune Encephalitis 

A mixture containing 100 μg myelin oligodendrocyte peptide (MOG), 35 – 55 (Anaspec, 

60130-5), 100 μl Complete Freund’s adjuvant (Sigma, F5881), and 200 μg heat killed, 

lyophilized Mycobacterium, per mouse was prepared by passing it through an 18-Gauge 

emulsification adapter connecting 2, 3 mL glass syringes, 50X. Mice were anesthetized with 

isofluorane using an induction chamber and maintained using a nose cone. On day 0, 50 μl of 
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the MOG-CFA emulsification was injected subcutaneously above the hind and fore leg of the 

same side of the body. On both day 0 and day 2, 250 ng of pertussis toxin was administered by 

intraperitoneal injection. On day 7, MOG-CFA was applied as described, but on the opposite 

side of the body. In some experiments, 100 μg solution of polyinosinic-polycytosinic acid (Poly 

I:C) in water was given by intraperitoneal injection on days 5, 7 and 9. 

TSC2+/- in vivo 

For time course experiment, mice were treated with 20 mg/kg of polyinosinic-polycytosinic 

acid (Poly I:C) by a single intraperitoneal injection. Mice were euthanized and blood was 

collected by retro-orbital puncture. Serum was separated from clotted blood by centrifugation 

and stored -80°C until further analysis. The mouse was decapitated and the brain was dissected 

to isolate the hippocampus which was further divided in half for histological analysis and RNA 

extraction. The spleen was extracted, cut in half and the halves were snap frozen in liquid 

nitrogen, separately. Serum IFNβ was measured using the VerikineTM Mouse IFN-Beta ELISA 

(PBL Assay Science) and serum CXCL10 was measured using the Duoset ELISA (R&D 

Systems). 

Pups were treated with 20 mg/kg poly I:C by intraperitoneal injection at P3, P7, and P14. 6 

week old adult mice were given 4 injections with 20 mg/kg poly I:C on day 0, 4, 11 and 2 hours 

prior to behavioral testing.  
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ABSTRACT 

Ionizing radiation causes well defined, dose dependent symptoms within the first 30 

days collectively referred to as acute radiation syndrome (ARS). Treatment with pathogen 

associated molecular patterns (PAMPs) prior to exposure protects against ARS. We explored 

the mechanism of LPS induced radioprotection and found LPS and irradiation synergize to 

upregulate specific serum cytokines. Moreover, LPS radioprotection depended on MyD88 

signaling. Non-routine exposures to radiation have prompted the development of 

radiomitigators, molecules that protect against ARS when administered after an exposure event. 

As part of the Center for Medical Countermeasures against Radiation (CMCR) at UCLA, we 

have participated in the study of novel radiomitigators with particular focus on the long term 

effects of radiation exposure on the immune system. Mice that survived ARS were observed 

daily for over a year. Weight, illness, serum cytokines and gut microbiota were monitored. Mice 

treated with the CMCR mitigators, 512 or G-CSF, were more likely to develop penile prolapse or 

anemia, respectively. In many cases, elevated serum cytokine levels were indicative of 

morbidity or moribundity. Analysis of gut microbiota at the phylum level revealed a difference in 

the overall distribution between mice treated with irradiation and those not exposed, but further 

analysis is required. Finally, immune response to vaccination with the chicken ovalbumin 

protein, OVA, and either poly I:C, a TLR3 agonist or CpG B, a TLR9 agonist, was performed to 

assess the response of radiation survivors to an immunological challenge. Following 

immunization, mice treated with certain mitigators showed enhanced cytokine response 

compared with un-irradiated or irradiated only mice. In one experiment, a distinct difference in 

the development of the humoral response was noted, but not a second experiment. Moreover, 

in a single experiment, the distribution of myeloid cells, CD4 central and effector memory was 

found to differ significantly between mice treated with the same mitigators, but different TLR 

agonists. 
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INTRODUCTION 

Exposure to radiation causes cell death from DNA damage and, depending on the dose 

rate and exposure time, leads to the failure of the hematopoietic, gastrointestinal and nervous 

systems. Collectively known as ARS, damage can be prevented by pre-treatment with 

radioprotectants or post-treatment with radiomitigators.  

Immune system activation by PAMPs mediates radioprotection. Ligation of TLR2 1, TLR4 

2, TLR5 3 and TLR9 4 have all been found to promote host resistance to whole body irradiation 

(WBI). Macrophages are a key effector in TLR4 mediated protection 5. TLR4 interacts with two 

downstream adapters, MyD88 and TRIF. The MyD88 dependent pathway predominately leads 

to activation of proinflammatory, NFkB dependent genes such as TNFα 6, while the TRIF 

dependent pathway leads leads to IRF3 dependent transcription of type I IFNs 7. MyD88 is 

required for long term survival following irradiation 8, but its contribution to ARS is not well 

defined. 

As part of the CMCR at UCLA, we have identified several molecules 9 that, when 

administered at least 24 hr after WBI, enhance survival and restore levels of circulating RBCs, 

WBCs and platelets. These radiomitigators are being studied for protection during ARS and long 

term effects on health in the following months. Our lead candidate is 512, a compound that 

contains a 4-nitrophenylsulfonamide group. Another lead radiomitigator is granulocyte colony 

stimulating factor (G-CSF). GSCF protects against irradiation 10 and is extensively used in the 

clinic to treat chemotherapy induced neutropenia 11. In collaboration with GeneronBiomed Inc. of 

Shanghai, we are testing their bivalent G-CSF construct. It was designed to address some of 

the problems associated with repeated treatment with monovalent G-CSF including short half-

life and immune exhaustion 11.Bivalent G-CSF is essentially two molecules of G-CSF linked 

together with the Fc domain found in antibodies. 
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The role of radiomitigators, if any, in delayed effects of acute radiation exposure 

(DEARE) is not known. In general, the long term effects of acute radiation have been poorly 

defined. This is in part due to the variation stemming from exposure type and dose as well as 

genetic predisposition. Some data from human survivors of accidental or non-routine exposures 

finds cataract and increased tumor incidence to be among the late effects 12. In mice, one study 

reported long lasting effects of GI syndrome after partial body irradiation 13. To further define 

DEARE, we observed mice in the months following ARS and noted any signs or symptom of 

illness. Furthermore, we collected blood and fecal samples for analysis of DEARE biomarkers. 

Mice that survive ARS, appear healthy, however mice are maintained in specific 

pathogen free environments. We do not know whether they are able to generate a normal 

immune response when challenged or whether mitigators treatment has a long term effect on 

the ability of the immune system to respond to a challenge. Some have reported partial or full 

body irradiation compromises epithelial integrity, not the antiviral response, and host resistance 

to influenza infections in the future 14. Likewise, others have shown the anti-bacterial response 

of irradiated mice to E. coli infection remains intact, even though cytokine levels are elevated 

and increased tissue damage is observed 15. Combined treatment with LPS and irradiation may 

enhance susceptibility to future Gram negative infection by suppressing platelets and reducing 

organ mass 16.  

To determine whether survivors of radiation exposure are able to mount a normal 

immune response we challenged mice. Rather than initiate an infection, we vaccinated mice 

with the prototypic protein antigen, ovalbumin, then studied the innate and adaptive response. 

Ovalbumin administered with poly I:C, a TLR3 agonist, or CpG, a TLR9 agonists, leads to the 

induction of specific cytokines act in concert to shape the formation of the adaptive response, 

particularly the humoral response 17,18. Here, we measured cytokine response 24 hours after 

immunization and cell based response in the weeks following the last immunization. 



91 
 

RESULTS 

Lipid A treatment prior to WBI alters platelet and cytokine levels 

Cytokine signaling is an important component of the innate immune response to 

irradiation. Induction of cytokines following exposure has been observed 19 and prophylactic 

treatment with cytokines 10,20 or LPS 21 is radioprotective. To further examine the effect of PAMP 

prophylaxis on the immune landscape, WT C57Bl/6 mice were treated with lipid A 24 hours prior 

to irradiation and euthanized 4 hours after irradiation. Lipid A pre-treatment did not significantly 

alter the number of circulating RBCs (Figure 5.1, A), WBCs (Figure 5.1, B), or the hemoglobin 

level (Figure 5.1, D) in the blood when compared to mice receiving irradiation only. Platelets, 

however, were lower in mice treated with lipid A and irradiation than in mice exposed to either 

alone (Figure 5.1, C). This was not unexpected as a previous study observed LPS treatment 10 

days after irradiation transiently suppressed circulating platelets 16. 

Next, cytokine levels in the serum were measured. Interestingly, lipid A pre-treatment 

accentuated the expression of interferon inducible proteins, CXCL10 (Figure 5.1, E), IL-10 

(Figure 5.1, F), and RANTES (Figure 5.1, G). Serum concentration of IL-1α, a protein that may 

be induced by LPS or released by dying cells 22, was increased only in mice exposed to 

irradiation.  

MyD88 dependent signaling mediates radioprotection 

LPS or llpid A ligation of TLR4 activates two downstream adapters, MyD88 and TRIF. 

Signaling through the TRIF dependent pathway leads to transcription of type I IFNs 7 which then 

induces interferon stimulated genes (ISGs). Synergistic upregulation of ISGs by lipid A and 

irradiation (Figure 5.1, E – G) suggests that TRIF dependent genes may be important for 

radioprotection. To examine the contribution of TRIF to radioprotection, WT C57Bl/6 and 

Ticam(Lps2) mice, which have a mutation in the Trif gene that renders it non-functional, were 

treated with LPS by intraperitoneal injection 1 hour or 24 hours prior to irradiation. WT C57Bl/6 
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mice were completely protected when LPS was administered 24 hours prior to irradiation, but 

only 75% were protected when LPS was given 1 hour before (Figure 5.2, A). Surprisingly, LPS 

treatment 24 hours before also led to 100% survival of the Ticam mice (Figure, 5.2, B).  Overall, 

Ticam mice were more sensitive to radiation compared to WT, but LPS treatment 1 hour prior to 

irradiation increased survival by 20% compared to irradiated only (Figure 5.2, B). 

Exogenous treatment with proinflammatory, MyD88 dependent 23 cytokines, IL-1β and 

TNFα 10,20, is radioprotective. To ascertain the role of MyD88 in LPS radioprotection, C57Bl/6, 

MyD88 and Ticam mice were treated with LPS 24 hours prior to irradiation. Similar survival 

curves were observed for C57Bl/6 and Ticam mice (Figure 5.2, C and D), however MyD88 KO 

mice were extremely radiosensitive, irrespective of LPS treatment (Figure 5.2, E). These studies 

illustrated MyD88 dependent pathway is required for LPS mediated radioprotection, while the 

TRIF pathway contributes to a lesser extent. 

Radiomitigators promote survival during and after ARS 

As part of the CMCR program at ULCA, novel radiomitigators have been identified from 

a high throughput screen of a small molecule library. It was found that compounds containing a 

4-nitrophenylsulfonamide structure rescued radiation-induced apoptosis (unpublished data). The 

lead 4-nitrophenylsulfonamide containing compound, 512, was further tested and found to 

protect mice WT C3H mice from lethal ARS (Figure 5.3, A). Additional radiomitigators were also 

assessed. Monovalent G-CSF, commercially known as filgrastim, is known to have a short half-

life and multiple treatments leads to immune exhaustion 11 and bivalent G-CSF, which has a 

longer half-life and requires fewer treatments to achieve results similar to monovalent G-CSF 

(unpublished data). Both G-CSF variants protected mice from lethal ARS, however bivalent G-

CSF was less protective (Figure 5.3, B and C). Moreover, survival was also promoted when 512 

was applied in combination with monovalent or bivalent G-CSF. Furthermore, we noticed a 
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similar pattern of survival emerged in the following 31 – 700 days. Compiled together, we find 

following ARS there are additional waves of death around 200 and 450 days after irradiation. 

Symptoms associated with delayed and late effects of radiation 

Following the mice in the months after radiation treatment, we noticed not only patterns 

of survival but also illness (Figure 5.3). Over the course of 12 months, symptoms ranging from 

anemia, hair loss, penile prolapse, diarrhea and tumors were observed (Figure 5.4, A). Breaking 

down the symptoms by mitigator treatment we found mice treated with 512, alone or in 

combination, were more likely to experience penile prolapse (Figure 5.4, B). Penile prolapse is 

often a symptom of urinary obstruction 24 or a more general malaise accompanied by increased 

contact of the penis with cage bedding. Curiously, treatment with either G-CSF, alone or in 

combination, had a higher incidence of anemia (Figure 5.4, C). Anemia is a hallmark of 

hematopoietic failure during ARS, however the trigger for late stage anemia is unknown. 

Serum cytokines as DEARE biomarkers  

To further evaluate the heath state of the mice, blood was collected by non-lethal retro-

orbital puncture or by after euthanasia. Serum was isolated and cytokine concentration was 

measured. In one experiment, cytokine levels were compared between two or more collections 

from the same mouse and between mice from the same mitigators cohort. A heat map of 

expression of the levels showed that for some mice cytokine expression increased at or close to 

the time of death. For others, there was difference between earlier collections and collection at 

the time of death. Overall, there was no consistent change in cytokine levels between 

individuals given the same mitigators treatment (Figure 5.4).   

In separate experiment, health state was also compared to circulating cytokine levels 

(Figure 5.5). Cytokine levels measured from a single blood collection were organized into a heat 

map by final health status. Elevated cytokine levels were more associated with illness and/or 

death, while lower levels more likely expressed by healthy, irradiated or non-irradiated mice 
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(Figure 5.5, A). Analysis by cytokine revealed mice that died in the months following exposure to 

WBI had significantly higher levels of GM-CSF, IL-12p40 and MIP-2 compared to either 

irradiated and non-irradiated mice. Moreover, irradiated mice displaying signs of illness 

expressed elevated levels of IFNγ and IP-10 (CXCL10) (Figure 5.5, B). These results suggest 

cytokine level may be predictive of mortality.  

Fecal microbiota as DEARE biomarkers 

 Diarrhea was one symptom observed in mice that survived ARS (Figure 5.4, A). This led 

us to investigate whether diarrhea was accompanied by gut microbial dysbiosis. Feces were 

collected from individual mice and bacterial DNA was isolated. 16S libraries were constructed 

and sequenced. At the phylum level, mice that were never exposed to irradiation had a greater 

abundance of Firmicutes than mice treated with WBI + mitigator (Figure 5.7, A). Conversely, the 

abundance of TM7 was more likely to be increased in WBI + mitigator treated mice than in 

unexposed mice (Figure 5.7, A). With the exception of select WBI + mitigators treated mice, 

there was no difference in the abundance Proteobacteria. Next, we focused in on 3 individual 

mice for which 3 fecal samples had been collected at 5, 7, and 12 months after WBI. The phyla 

abundance in the unexposed mouse was consistent over a 7-month period (Figure 5.7, B). For 

WBI mice treated with a combination of AMD + 512, phyla abundance fluctuated. The cause of 

the dramatic increase in Firmicutes during month 5 for mouse 1 is unclear. For mouse 2, 

however, increase in Proteobacteria and decrease in Firmicutes during month 12 corresponded 

with the incidence of diarrhea and penile prolapse (Figure 5.7, B). 

Immune response to OVA vaccination 

To examine the effect of WBI and/or mitigator treatment on the host response immune 

challenge, we vaccinated mice with the ovalbumin (OVA) protein and measured the innate and 

adaptive immune response. Two independent vaccination experiments were conducted, each 
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with surviving mice from multiple ARS experiments, all 35 – 78 weeks after WBI. A schematic of 

the immunization schedule is presented in Figure 5.8, A.  

Blood was collected before and 24 hours after each immunization for the measurement 

of serum cytokines and antibodies. Following immunization, the secretion of these cytokines 

was enhanced, and the degree of enhancement was dependent on the type of TLR agonist 

administered. WBI with or without mitigators treatment led to increased expression of certain 

cytokines. For example, G-CSF (Figure 5.8, B) and IL-17 (Figure 5.8, C) were elevated in naïve 

WBI. Following immunization, WBI mice that received CpG as the adjuvant expressed similar 

concentrations of G-CSF as mice that were not exposed to WBI, but WBI mice that received 

poly I:C expressed substantially more G-CSF than similarly treated controls (Figure 5.8, B). For 

IL-17, however, primer WBI predisposed the mice to higher serum IL-17 concentrations and 

these concentrations were not altered following immunization (Figure 5.8, C). Prior exposure to 

WBI did not other cytokines such as TNFα (Figure 5.8, D) or IL-5 (Figure 5.8, E), either before 

or after immunization. Cytokine expression shapes the formation of the adaptive response. We 

measured the B cell response as a function of production of OVA specific antibody. Greater 

differences were observed between mice not treated with WBI and mice that were later 

vaccinated with poly I:C, therefore we hypothesized the WBI mice treated with ovalbumin and 

poly I:C may develop variable antibody response. Indeed, mice vaccinated with OVA + poly I:C 

and exposed to WBI produced less OVA specific antibody compared to mice not exposed to 

WBI and to mice treated with OVA + CpG (Figure 5.8, F). 
In the second experiment, mice were sacrificed one week after the 2nd immunization. 

Mice treated with radiation and GCSF, displayed splenomegaly after immunization with OVA-

CpG (Figure 5.9, A) which was due to an increase in myeloid like cells (Figure 5.9, B).  In 

contrast, end point analysis (day 28) of mice treated with 512 and/or GCSF showed no defect in 

production of total antibody (Figure 5.9, C) or in isotype switching (data not shown). Moreover, 
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mice treated with both 512 and GCSF then immunized with OVA had heightened production of 

total and IgG1 specific antibody compared to OVA only cohorts (Figure 5.9, B). In contrast to 

other cohorts, irradiated mice treated with both 512 and GCSF had greater immunogen 

dependent variation in CD4 T cell effector memory proliferation, and less variation in the CD4 

central memory population (Figure 5.10, A and B). No difference was observed in the CD8 T cell 

populations (Figure 5.10, C and D). 
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DISCUSSION 

Protection from ARS may be accomplished by administration of radioprotective or 

radiomitigator compounds. Radioprotection by LPS is associated with transient suppression of 

circulating platelets and synergistic activation of serum cytokine expression (Figure 5.1). 

Interferon dependent proteins were more likely to be enhanced by co-treatment with LPS and 

WBI (Figure 5.1, E – G) suggesting that radioprotection was mediated through LPS activation of 

the TRIF dependent pathway. This, however, was not the case. While TRIF dependent signaling 

did enhance survival (Figure 5.2, B and D), MyD88 deficient mice were more radiosensitive 

(Figure 5.2, E). This result, however, is in contrast with some published literature which found 

MyD88 signaling increased the incidence of apoptosis and decreased survival of colonic cypts 

25. However, another study found MyD88 deficiency enhanced long term development of lung 

fibrosis and death associated with thoracic irradiation 8.  

Treatment with radiomitigators, 512 and G-CSF, rescue mice from ARS (Figure 5.3). In 

the long term, these mice experience symptoms of illness including anemia, diarrhea, penile 

prolapse, tumors and hair loss (Figure 5.3, A). Two distinct patterns emerged. Mice treated with 

512, alone or in combination, with another mitigators were more likely to develop penile 

prolapse. Whereas mice treated with G-CSF, along or in combination, had a higher incidence of 

anemia. Ironically, G-CSF is used in the clinic to treat aplastic anemia 26. Increased incidence 

may be attributed to G-CSF driven myeloid expansion 10.  

In two independent experiments, the concentration of cytokines in the serum was 

measured to determine whether level or signatures correlated with health status and could be 

used in the future as a biomarker of DEARE. In one experiment, mice were monitored for over a 

year and cytokine expression was measured at least twice (Figure 5.5). A trend is not readily 

apparent, but will be further explored. In the other experiment, a single serum sample was 

collected, samples were grouped based on treatment and the final health state 43 days later 
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(Figure 5.6). Interestingly, mice that expressed radically altered basal cytokine profiles were 

more likely to die in the near future, suggesting that cytokines may be used as a biomarker to 

predict morbidity and mortality. 

 We also examined gut microbiota to determine whether any trends or signatures could 

be a biomarker. We found mice exposed to irradiation had a lower abundance of Firmicutes 

(Figure 5.7, A). Others have observed similar decreases in the abundance of Firmicutes 

following pelvic irradiation 27. However, on closer inspection of individual mice taking into 

account disease symptoms we find an increased abundance of Firmicutes (Figure 5.7, B). 

Interestingly, WBI + mitigator treated mice were more likely to have a higher abundance of TM7 

than untreated mice (Figure 5.7, A). TM7 is most often associated with the pathogenesis of 

inflammatory bowel diseases of which symptoms include diarrhea 28.  

To measure the functional response of the immune system we used employed an 

immunization model that uses OVA co-injected with or without a TLR agonist (Figure 5.8, A). 

This model allows for the study of the innate immune response to either poly I:C RNA, a TLR3 

ligand, or CpG DNA, a TLR9 ligand. We hypothesized that survivors of WBI would have 

alterations in their hematopoietic cells and/or immune compartments that would affect their 

ability to mount a normal response. 

Prior to immunization, survivor mice had increased basal expression of serum cytokine 

and chemokines, yet there waas pronounced variance between individuals, but the levels were 

dramatically different from age matched mice not exposed to WBI (Figure 5.5 and 5.6). After 

immunization, cytokine expression was enhanced in irradiated mice, but in some cases the 

effect was adjuvant dependent (Figure 5.8, B – E). 

Analysis of the adaptive response revealed more variation between mice treated with 

different mitigators than between irradiated and non-irradiated mice; mice treated with certain 

mitigators presented with defective OVA specific antibody production while mice treated with 
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other mitigators had disproportionate expansion of splenic myeloid and T cell subpopulations. 

Together these data indicate that there is a defect in the immunological response of the survivor 

mice and suggests that the type of mitigator used for treatment may influence subsequent 

responses, but that it is important to examine these responses at the level of the individual to 

better predict response outcome. WBI survivors rescued with P1, P2 or P3 showed depressed 

antibody production (Figure 5.8, F), but appropriate isostype switching indicating the signaling 

was appropriate but suggests the response was not amplified. Antibody production and isotype 

switching in 512 and/or GSCF treated mice closely resembled that observed in the unirradiated 

mice (Figure 5.9, C), however further study will need to be conducted to determine if the 

response is sustained. 

Administration of the mitigator GCSF was associated with myeloid hyperplasia in the 

spleen when survivor mice were immunized with OVA-CpG (Figure 5.9, A and B). This suggests 

that the choice of mitigator may favor proliferation of specific populations. Overall there was not 

a significant difference in the expansion of CD8+ T cells populations following immunization 

regardless of mitigator treatment. However, irradiated mice treated with both 512 and GCSF 

had significant expansion of the CD4 T cell effector memory population after OVA only 

immunization, with a concurrent stagnation in the CD4 T cell central memory population (Figure 

5.10). 
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Figure 5.1. CBC and cytokine analysis following lipid A treatment and WBI. Mice were 

treated with saline or lipid A 24 by intraperitoneal injection 24 hours before performing WBI 

using an X-ray machine at a dose rate of 1.173 Gy/min. Concentration of circulating RBCs (A), 

WBCs (B), platelets (C) and hemoglobin (D) was measured using a Hemavet machine. 

Concentration of serum CXCL10 (E), IL-10 (F), RANTES (G) and IL-1α (H) proteins was 

measured by multiplex assay.  
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Figure 5.2. Radioprotection by LPS is primarily mediated by MyD88 dependent signaling. 

Survival curves for WT C57Bl/6 (A) and Ticam1(lps2) (B) treated with LPS 1 or 24 hours prior to 

WBI performed using a Cs137 source at a dose rate of 1.09 Gy/min. Survival curves for WT 

C57Bl/6 (C), Ticam1(lps2) (D) and MyD88 KO (E) mice treated with LPS 24 hours prior to WBI 

using a Cs137 source at a dose rate of 1.09 Gy/min. 
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Figure 5.3. Survival curves of mice treated with radiomitigators that survived ARS. C3H 

mice were exposed to a Cs137 source at a dose rate of 62 cGy/min, then treated 24 hours later 

with either 512 (A), monovalent GCSF (B), bivalent GCSF (C), or combinations of 512 and 

GCSF (D). Survival of mice treated with WBI and radiomitigator(s) and no irradiation controls 

(E). 
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Figure 5.4. Incidence of symptoms and illness in mice following survival from ARS. Total 

number of mice treated with WBI and mitigators that displayed symptom or illness (A). 

Cumulative incidence of penile prolapse (B) and anemia (C). 
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Figure 5.5. Serum cytokine levels measured over time in survivors of WBI. 
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Figure 5.6. Serum cytokine levels correlate with health state. 

Blood was collected from C3H mice, 27 – 68 weeks after exposure to 8.5 Gy, an LD70/30 dose 

of ionizing radiation, by retro-orbital puncture. Cytokine and chemokine levels were measured 

using the mouse cytokine/chemokine magnetic bead panel from Millipore. Final healthy status 

was determined 35 days after blood collection unless the mouse met requirements for 

euthanasia or died before; illustrated by a heat map (A) and by grouped plots of select individual 

cytokines (B). 
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Figure 5.7. Abundance of fecal bacteria may be a biomarker for DEARE. A heat map of 

select bacterial phyla grouped by no irradiation and WBI + mitigators (A). Relative abundance of 

bacterial phyla in fecal samples collected 5, 7 and 12 months after WBI.  
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Figure 5.8. Immune response following vaccination with OVA is altered by WBI. 

Schematic of OVA immunization schedule and experimental endpoints for two independent 

experiments (A). Serum cytokines levels prior to and 24 hours after the first OVA immunization 

in the P1/P2/P3 experiment: GCSF (B), IL-17 (C), TNF-alpha (D), IL-5 (E). Total antibody 

specific for OVA on day 36 and day 43, after vaccination (F).  
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Figure 5.9. Radiomitigator treatment and vaccine adjuvants influence immune cell 

abundance. Immune response of mice from GCSF/512 experiment. Percent spleen weight of 

total body weight (A), myeloid cell abundance in the spleen and total OVA specific antibody (C) 

on day present on day 28. 
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Figure 5.10. Distribution of CD4 and CD8 T cells in the spleen on day 28 of OVA 

immunization. Percent CD4 central (A) and effector (B) memory cells and CD8 central (C) and 

effector (D) memory cells. 
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MATERIALS AND METHODS 

Animals and Irradiation 

Male C3Hf/Sed//Kam were bred and maintained in the Radiation Oncology AAALAC-

accredited facility, strictly adhering to all IACUC-approved protocols and NIH guidelines. WBI 

was performed on unanesthetized mice using a Gamma cell 40 irradiator (Cs137 source; Atomic 

Energy of Canada, Ltd.) at a dose rate of around 62 cGy/min, for a total dose of 7.725 Gy. 

Male or female C57Bl/6, Ticam(Lps2) and MyD88 KO mice were either purchased 

directly from The Jackson Laboratory (Bar Harbor, Maine) or bred and maintained in specific 

pathogen free facilities managed by the Department of Laboratory Animal Medicine at UCLA in 

strict accordance with protocols approved by the UCLA Animal Research Committee. WBI was 

performed on unanesthetized mice, housed in an irradiation pie, using a Mark I - 68A irradiator 

(Cs137 source; JL Sheppard & Associates) at a dose rate of around 1.09 Gy/min, for a total dose 

of 9 – 9.14 Gy. In one experiment, WBI was performed on unanesthetized mice, housed in an 

irradiation pie, using a 300 kVp X-ray machine at dose rate of 1.173 Gy/min, for a total dose of 

9.5 Gy. 

Treatment with radioprotective and radiomitigative molecules 

For radioprotection studies, mice were C57Bl/6, Ticam(Lps2) and MyD88 mice were 

given 0.5 mg/ml Baytril (Bayer), ad libitum for one week, then treated with 20 µg LPS from E. 

coli 055:B5 (Sigma, L2637-25MG) or 15 µg lipid A from E. coli serotype R515 (Enzo, ALX-581-

200-L002) either 1 hour or 24 hours prior to WBI.  

For radiomitigator studies, the ARS component of the experiments, including 

radiomitigator treatment, were designed and carried out by Dr. Ewa Micewiz. In one experiment, 

C3H mice were treated with Rad Only + H2O; Rad Only + PG carrier; P1, 5x 5mg/kg; P1 PG, 5x 

5mg/kg; P2, 5x 5mg/kg; P2 PG, 5x 5mg/kg; P3, 5x 5mg/kg; or P3 PG (LD70/30); 5x 5mg/kg. P1 

is a metabolite of the 4-nitrophenylpiperazine compound, 512, and P2 and P3 are structural 
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variants of 512. In another experiment, subcutaneous injections were started 24h after WBI; 150 

ug/kg IL-22 or G-CSF was injected 3 times a week, for three weeks; 512 injections 5 times 

(daily). In the last experiment, the following radiomitigators were injected subcutaneously 

beginning 24 hours after WBI: 512: 5mg/kg; 5 x daily, GCSF-bi: 50 ug/kg; every other day; 9x, 

GCSF-mono: 125 ug/kg; every day; 16x, AMD3100: 3.5 mg/kg; every other day; 6x. 

Non-lethal blood collection and analysis 

Mice were anesthetized using isofluorane, then a microcapillary tube was inserted into 

the retro-orbital cavity puncturing the blood capillaries. Blood was dispensed into EDTA coated 

tubes and immediately mixed to prevent clotting. Plasma was isolated by centrifugation, 

transferred to a new clean tube and stored at -80°C. No more than 100 μl blood was collected 

per week from a single animal. Blood flow was stopped by applying pressure with sterile gauze, 

then an ophthalmic antibiotic ointment was applied to the eye. Mice were checked daily for signs 

of ocular distress or infection. 

Complete blood count was measuring using the Hemavet blood analyzer (Drew 

Scientific) with blood into EDTA coated tubes. Serum cytokines were measured using multiplex 

Mouse Cytokine/Chemokine Panel kit (Millipore, MPXMCYTO-70K) and a Luminex machine.  

Fecal microbiome analysis  

Fecal pellets were collected directly from individual mice, into sterile 1.5 ml 

microcentrifuge tubes. Fecal pellets were snap frozen in liquid nitrogen and stored at -80°C. Dr. 

Elisa Deiru isolated DNA from fecal microbiota from thawed fecal pellets using QIAamp DNA 

stool kit (Qiagen), according to the manufacturer’s instructions. Bacterial DNA was amplified by 

a two-step PCR enrichment of the 16S rDNA (V4 region) encoding sequences from each 

sample with primers modified by addition of barcodes for multiplexing. DNA was subsequently 

sequenced using the Personal Genome Machine (PGM™) System (Thermo Scientific). 

OVA Immunization  
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C3H male mice, 35 – 78 weeks after WBI (7.725 Gy), were immunized by subcutaneous 

injection with 50 μg OVA protein (InvivoGen, vac-efova) alone or co-injection with either 100 μg 

Poly I:C (Invivogen, Tlrl-pic) or 100 μg CpG 1826 (Invivogen, tlrl-1826-5). 

OVA specific antibody was measured by ELISA. Plates were coated with ovalbumin 

(InvivoGen, Vac-ova) diluted in PBS, 50 µg/ml per well and incubated overnight at 4°C. Wells 

were washed and blocked with 0.5% gelatin-PBS for 2 hours at room temperature. Serum was 

diluted in 0.5% gelatin-0.05% tween20-PBS and serially diluted two fold over 7 wells. For 

measurement of total OVA antibody, a mouse IgG2a Ovalbumin antibody, clone TOSGAA1 

(Biolegend, 520401) was used as a standard. Bound anti-ovalbumin antibody was detected with 

goat anti-mouse Ig, human ads-HRP (Southern Biotech, 1010-05), developed with the 

colorimetric TMB substrate, and stopped with 0.16 M sulfuric acid. 

Identity and distribution of splenocytes was determined by fluorescent antibody staining 

and flow cytometry in collaboration with Mr. Maxime Chapon. The spleen was collected from 

mice, gently dissociated and single cells were collected by passing the homogenate through a 

70 µm nylon mesh strainer. The cells were centrifuged then re-suspended in 1ml ACK lysing 

buffer and incubated on ice for 5 min. Cell were rescued with DPBS-2% FBS, washed and 

suspended in DPBS-2% FBS. Cell viability was measured with Zombie Aqua (Biolegend, 

423101) and cell identity was determined with the following antibody panel: CD3-FITC 

(Biolegend, 100204), CD4-PerCP (Biolegend, 100538), CD8-Alexa 700 (Biolegend, 100730), 

CD19-APC (BD Pharmingen, 561738), CD44-BV421 (Biolegend, 103039), and CD62L-BV605 

(Biolegend, 104437). Unbound antibody was removed by washing 3x with DPBS-2% FBS. Cells 

were fixed with 2% formaldehyde in PBS, analyzed using the BD LSRII flow cytometer (UCLA 

Flow Cytometry Core) and data was analyzed with FlowJo software (Tree Star, Inc.). 
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CHAPTER 6 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusion and Future Perspectives 
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 Regulation and function of type I IFNs is still not clearly understood. Here we set out to 

understand how type I IFNs are induced in macrophages and what the requirements are for 

amplification of downstream ISGs. We found type I IFN expression by macrophages on the 

nature of the stimulating PAMP and that bacterial LPS preferentially led macrophages to induce 

IFNβ (Figures 3.1 and 3.2). Furthermore, IFNβ, irrespective of the PAMP, IFNβ was necessary 

to positively regulate IFNAR signaling and ISG induction (Figures 3.3 and 3.4). The functional 

implications are immense as IFNAR signaling is decisive in the outcome of many bacterial 

infections. In two different models of bacterial infection, we found IFNβ contributed, but was not 

sufficient to either completely protect against E. coli peritonitis (Figure 3.5) or enhance host 

susceptibility to post-influenza pneumonia (Figure 3.7). Further studies are needed to determine 

whether other subtypes of type I IFNs are involved. In addition, the role of IFNβ in post-influenza 

gut Salmonella infections will be examined. We recently found IFNAR signaling during influenza 

infection led to gut microbial dysbiosis and enhanced host susceptibility to Salmonella infection 

(Appendix B). We will conduct studies using Ifnb-/- mice to determine whether IFNβ signaling is 

required to promote host susceptibility. 

 ISGs and IFNAR signaling dictate the course of non-infectious diseases. IFNβ signaling 

during LPS induced endotoxic shock is lethal. We suspected CXCL10, an interferon induced 

chemokine, may be a pathogenic effector because it has been implicated in other diseases. We 

found deficiency in CXCL10 partially rescued survival, but only in female mice (Figure 4.1). 

Detrimental effects seemed to require CXCR3, the receptor for CXCL10, but not estradiol 

signaling (Figure 4.2). Gender effects are difficult to dissect and often observations in rodents 

do not translate to humans, thus these studies were discontinued. 

 We also sought to investigate the role of poly I:C treatment on the progression of EAE, 

the mouse model of human MS. Previous work in our laboratory showed TRIF, an adapter 

molecule in the poly I:C activated pathway, attenuated disease symptoms. Therefore, we 
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hypothesized that poly I:C treatment would alleviate disease. We observed a transient reduction 

in overall clinical score (Figure 4.3) that seemed to required poly I:C sensing by TLR3, not the 

cytosolic pathway (Figure 4.4). Though symptoms were mildly attenuating, the significance was 

border line and subsequent investigations were terminated. 

 In another study, we investigated IFNAR signaling during tuberous sclerosis complex 

disorder, that results from TSC1 or TSC2 halploinsufficiency and is highly associated with the 

development of autism spectrum disorder in humans. Measurement of gene and protein 

expression following poly I:C treatment of WT and Tsc2+/- mice revealed enhanced expression 

of type I IFNs and ISGs by Tsc2+/- mice (Figures 4.5 and 4.6). This results in combination with 

functional studies of social behavior strongly suggest IFNAR signaling is responsible for the 

increased incidence of autism spectrum disorder in tuberous sclerosis complex disorder. In the 

future, the contribution of IFNβ will be determined by crossing Tsc2+/- mice with Ifnb-/- mice. 

 ARS following exposure to a lethal dose of radiation can be mitigated by treatment with a 

number of radioprotective or radiomitigative molecules. These compounds promote survival 

(Figures 5.2 and 5.3), but their effects nor the effects of irradiation in the long term are not well 

understood. We undertook to monitor mice that survived ARS. Health status, periodic 

measurement of serum cytokines and of intestinal microbiota were collected and analyzed. We 

found trends among cohorts treated with the same radiomitigator as well as overarching trends 

among mice treated with WBI (Figures 5.4 – 5.7). Moreover, we found that in response to 

immune challenge, distinct differences were observed that appeared to be influenced by the 

radiomitigator administered during ARS and the nature of the immune challenge (Figures 5.8 – 

5.10). Much work remains to be done. Future studies will continue to integrate multiple 

parameters to better understand DEARE. 
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APPENDIX A 

 

 

 

 

 

 

 

Activation of the NLRP3 inflammasome by vault nanoparticles expressing a chlamydial 

epitope 
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APPENDIX B 

 

 

 

 

 

 

 

 

 

 

 

Influenza Virus Affects Intestinal Microbiota and Secondary Salmonella Infection 

in the Gut through Type I IFNs  
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