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Abstract 
 

Autophagy is the cellular degradation machinery of the cell in which cytoplasmic constituents are surrounded 
by a double vesicle membrane and brought to the lysosome for degradation. The machinery provides the cell 
with alternative source of nutrients by degrading its own constituents in response to starvation. Inflammation 
is the crucial mechanism of the innate immunity to protect the cells against cellular stress as well as infection 
and tissue damage. Tissue resident macrophages are the most important cell types in inducing inflammation 
against cellular stress. Less is known about the cross regulation of autophagy and inflammation despite their 
similar roles dealing with cellular stress. We aimed to understand this regulation in mouse macrophages. 
 
Recent studies propose that autophagy inhibits inflammation. We hypothesized that cells may induce 
autophagy as a first response during stress and then trigger inflammation only if autophagy is unable to 
restore homeostasis. We analyzed the inflammatory cytokine gene expression levels of control and 
autophagy deficient macrophages after endoplasmic reticulum (ER) stress, heat shock (HS) and 
lipopolysaccharide (LPS) challenges. Inflammatory cytokines were expressed at higher levels in autophagy 
deficient macrophages compared to the controls in a time dependent manner after ER stress challenge. In 
addition to that, the inflammatory cytokine genes were expressed at higher levels in autophagy deficient 
macrophages after LPS stimulation (IL-6, IFN-ß, MCP-1). Some other studies suggest that autophagy 
deficient cells are ER stressed and inflammatory cytokines are expressed at higher levels in ER stressed cells 
after LPS stimulation. Consistent with some other studies, our results would be an indication of ER stress 
pathways in regulating inflammation through autophagy. 
 
LPS is a well-known inducer of toll like receptor-4 (TLR-4) activation. Role of LPS stimulation in 
macrophages to induce autophagy is still not very clear. Relating to the proposed interactions between TLRs 
and autophagy, we also aimed to elucidate the role of nucleoporin protein 62 (p62) and nuclear factor 
(erythroid-derived 2)- like 2 (Nrf-2) for LPS induced autophagy in macrophages. P62 is an important multi-
domain signaling adaptor molecule, which is known to interact with the autophagy machinery. Nrf-2 is a 
transcription factor, which is the main regulator of oxidative stress response. Roles of p62 and Nrf-2 after 
LPS stimulation are still to be elucidated.  
 

Our results indicated that autophagy is activated after LPS stimulation in a p62 dependent manner. However, 
clearance of the ubiquitinated proteins is independent of p62 and Nrf-2 in mouse macrophages. We further 
hypothesized that p62 and Nrf-2 would play a role in regulating inflammatory cytokine gene expression 
levels instead. Our findings showed that both p62 and Nrf-2 had important roles in regulating inflammatory 
cytokine gene expression levels after LPS stimulation. However, they did not regulate the same 
inflammatory cytokine genes indicating that p62 and Nrf-2 roles and pathways are independent from each 
other after LPS stimulation in macrophages.  
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1. Introduction 
 
1.1. Autophagy machinery 
 
‘Auto’ meaning ‘self’ and ‘phagy’ meaning ‘eating’ from the Greek; the autophagy machinery is a cell 
autonomous degradation pathway in which intracellular organelles and protein aggregates that are too large 
to be degraded by the ubiquitin-proteosome system are disposed (Levine et al. 2011). The machinery is 
thought to have evolved as a stress response mechanism of the cell against harsh conditions by regulating 
energy homeostasis and/or by protein and organelle quality control (Levine et al. 2011). Even though the 
most well known function of the autophagy machinery is to provide nutrients for the starving cells, there are 
lots of emerging data on the relationship of autophagy machinery with cellular stress and innate immunity 
pathways. Disturbance of the autophagy machinery is also associated with broad range of conditions such as 
protein aggregation diseases, inflammatory diseases, metabolic diseases and cancer (Tanida, 2011). 
 
The autophagy machinery involves three main morphological stages, which are (1) Initiation, (2) Elongation 
and closure, (3) Maturation (Deretic, 2011). Initiation requires forming of a double membrane vesicle in the 
cytosol. Source of this double membrane is not clearly known. However, several different studies suggest 
that ER cisternae play a role in this double membrane formation (Levine et al. 2011). Elongation and closure 
of the membrane seals and sequesters the cytosolic components that are to be degraded. This double 
membrane vesicle in closure of the “to be turned over” proteins is called autophagosome. The 
autophagosome then mobilizes and fuses with the lysosome.  Enzymes of the lysosome degrade the engulfed 
proteins after this fusion (Kaushik et al., 2010).  The three most common forms of autophagy are 
macroautophagy, microautophagy and chaperone-mediated-autophagy depending on different variants in the 
mechanisms and in the types of proteins delivered to the lysosomes (Kaushik et al. 2010). Macroautophagy 
is usually referred as autophagy and it is the subject of this project.  
 
The machinery involves coordinated actions with lots of autophagy related (Atg) proteins that are identified 
after yeast genetic screens and are highly conserved between yeasts and mammals (Sumpter and Levine, 
2011). Formation of autophagosomes is regulated by two connected ubiquitin-like conjugation systems. The 
first one involves conjugation of Atg 12 to Atg 5 mediated by E1 and E2 like enzymes and generates a 
complex with Atg 16. The complex associates with an elongating isolation membrane (Korolchuk et al. 
2009; Zhao et al. 2008). The second one involves conjugation of the microtubule-associated protein light 
chain (LC3)-I with lipid phosphatidylethanolamine generating a lipidated LC3-II form which becomes 
associated with autophagosomes. Atg 5 is also crucial for conversion of LC3-I to LC3-II. Formation of LC3-
II is an important marker of autophagosome formation in mammals (Zhao et al. 2008).  
 
Recent papers on autophagy machinery start to reveal some mechanisms on interaction of this self-eating 
mechanism with the innate immunity. First, the machinery plays a role in degradation of both extracellular 
pathogens that invade the cell (e.g. Streptococcus pyogenes, Coxiella burnetii) and intracellular pathogens 
(e.g. Mycobacterium tuberculosis, Shigella flexneri, Streptococci ,Listeria) (Levine et al. 2011). Tackling 
microbes as part of a protein turnover mechanism through autophagy is thought to be selective (Levine et al. 
2011). P62 that is an important adaptor protein is known to play a  
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role in this tackling. Second, recent studies provide some insights about LPS inducing autophagy through 
pattern recognition receptors (PRRs). PRRs signal for activation of transcription factors and  
expression of inflammatory cytokines, chemokines, type I interferons (IFN) and antimicrobial genes after 
sensing microbial components such as LPS, flagellin, and nucleic acids (Saitoh and Akira, 2010).  The 
signaling through PRRs after LPS stimulation would be mediators of the autophagy associated innate 
immunity (Xu and Eissa, 2010).  Roles and mechanisms of LPS-induced autophagy and its link to PRRs are 
still to be elucidated. The pathways would also be related to other cellular stress response mechanisms. 
Indeed, downstream consequences of LPS-induced mechanisms suggest a link to a transcription factor called 
Nrf-2, which is responsible for cellular defense against oxidative stress (Fujita et al. 2011). Regulation of 
inflammation response would be a consequence of the interactions between the innate immune system and 
the autophagy. However, less is known about this interaction. 
 
1.2. Inflammation and autophagy 
 
Inflammation is a non-cell autonomous defense reaction of the innate immunity caused by complex cascade 
of events and coordinated by large range of mediators (Medzhitov, 2008). It is activated in response to 
infection or tissue damage. When it is chronic, it can contribute to pathogenesis in diseases such as obesity, 
diabetes, cancer and autoimmunity. Macrophages are white blood cells that play an important role for the 
process of inflammation. Secretions of inflammatory cytokines that are interleukin-1ß (IL1-ß), interleukin-6 
(IL-6), and tumor necrosis factor (TNF-α) by the activated macrophages lie in the center of inflammatory 
response (Fésüs et al., 2011).   
 
 “The danger model” on innate immunity (Matzinger, 1994) proposes that cellular damage is a crucial factor 
underlying the immune activation (Sumpter and Levine, 2011).  Indeed, there are lots of identified danger 
associated molecular patterns that result in the activation of both host stress response pathways and 
inflammation (Sumpter and Levine, 2011). The danger signals that activate inflammation include indicators 
of environmental stresses such as accumulation of damaged proteins or HS proteins that are also known to be 
activators for autophagy (Sumpter and Levine, 2011).  
 
LPS is a component of gram-negative bacteria, which is a potent activator of macrophages. It is the well 
known ligand of TLR4 which is associated with detecting microbes, initiating immune responses and linking 
innate immunity with adaptive immunity by modulating the inflammatory response as well as initiating 
inflammatory cytokine gene expression (Xu et al., 2007 and Martinon et al., 2009). Signaling pathways 
stemming through TLR4s are also demonstrated to interact with the ER stress response pathway. However, 
the link of TLR4s regulating autophagy is still to be elucidated. Recent publications about this interaction 
suggest that it would be related to protein turnover and inflammation (Xu et al., 2007 and Levine et al., 
2011). 
 
Many studies have shown that LPS induces autophagy (Xu et al., 2007). What is known about the link 
between autophagy and innate immunity is still very limited.  First, it is suggested that autophagy limits 
inflammation. Second, LPS induced autophagic signaling pathways are known to be involved in 
antimycobacterial effects (Xu et al, 2007).  LPS is also known to induce polyubiquitination. 
Polyubiquitination is also linked to intracellular bacteria clearance by autophagy and protection of the cells 
against microbes as well as p62 accumulation (Levine et al, 2011). P62 has diverse functions in cell signaling 
and ubiquition binding. Its relation to LPS induced autophagy is still to be elucidated. 
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Even though the link between autophagy and inflammation is not yet very clear, recent data suggests that 
autophagy limits inflammation. Crohn’s disease, which is a chronic inflammatory disorder of the small 
intestine, is associated with a mutation of an Atg gene after genome-wide association studies (Levine et al., 
2011). Other inflammatory diseases suggesting emerging links between autophagy deficiency and chronic 
inflammation also include systemic lupus erythematosus, inflammation associated metabolic diseases such as 
obesity and diabetes and inflammation associated cyctic fibrosis lung disease (Levine et al., 2011).  Indeed, 
autophagy deficient macrophages have increased production of the pro- inflammatory cytokines IL-1ß and 
IL-18 compared to wild type(WT) macrophages (Saitoh et al., 2008). 
 
1.3. Cellular stress and autophagy 
 
Autophagy machinery is the most well conserved stress adaptation mechanism that increases chances of cell 
survival in response to starvation, oxidative stress, infection, HS and ER stress (Lau et al., 2010). Roles and 
mechanisms of autophagy activation after starvation are well known.  However, less is known about the 
autophagy activation after oxidative stress, infection, HS and ER stress. Recent publications suggest that the 
cellular stress pathways such as unfolded protein response (UPR) and HS response interact with the 
autophagy machinery (Levine et al., 2011). The interactions are suggested to be through controlling 
inflammation (Levine et al., 2011).   
 
Folding, processing, controlling and trafficking of newly synthesized proteins are the main functions of ER. 
When ER is disturbed, UPR is activated due to the accumulation of missfolded proteins (Ravikumar et al. 
2010). The UPR also intersects with many different inflammatory and stress pathways, which are important 
in chronic metabolic diseases (Hotamisligil, G. 2010). Recent data suggest a link between ER stress and 
stress responses inducing inflammation and metabolic dysfunction (Levine et al. 2008). However, less is 
known about the pathway and interactions of autophagy machinery with ER stress. 
 
It is known that autophagy also plays a role after ER stress and during the UPR. Several publications have 
shown that ER stress activators such as tunicamycin (Tm) and thapsigargin (Tg) induce formation of the 
autophagosomes (Ogata et al. 2006). Indeed, autophagy deficient cells treated with Tg and Tm are also 
shown to be more vulnerable to ER stress (Ogata et al. 2006).  
 
Just like ER stress, HS also triggers protein missfolding and activation of autophagy. Zhao et al. have 
showed that heat is a potent inducer of autophagy in mammalian cells and they suggested that autophagy also 
interacts with HS response, which is another well known cellular response against environmental factors to 
prevent, or to clear stress induced damage (Zhao et al. 2009). 
 
1.4. Protein turnover and autophagy 
 
Proteins are continuously synthesized and degraded to maintain cellular homeostasis both by proteasomes 
and the autophagy machinery (Kaushik et al.,2010). When the cellular homeostasis is disturbed, cytoplasmic 
complexes called proteasomes digest the proteins that are completely unfolded and tagged with 
ubiquitination with the help of different enzymes (Korolchuk et al., 2009 and Kaushik et al). Unlike the 
proteosomal degradation, the degraded proteins must not be fully folded for the autophagy machinery (Riley 
et al. 2010).  
 
Lots of suggested links have started to emerge between the proteosome and autophagy. Ubiquitinated 
proteins are accumulated in the case of autophagy deficiency. Indeed, when autophagy is inactivated by Atg 
5 or Atg 7 knockouts (KOs) in mice, aggregates and ubiquitinated proteins accumulate in different cell types 
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such as liver, nerve and pancreatic beta cells (Korolchuk et al. 2009). In addition to that, induction of 
autophagy has also been shown to reduce cellular toxicity and slow down the progression of protein 
aggregation diseases (Kaushik et al. 2010).  
 
Even though there are some proposed mechanisms to explain the selective autophagy of the ubiquitinated 
proteins, the regulation between proteosome and autophagy machinery is not fully understood. However, this 
internal disposal mechanism of autophagy integrating/working with the proteosome provides the cells to 
have an alternative source of nutrients as well as contributing to cellular defense especially by tackling 
pathogens.  
 
Important signaling adaptor proteins such as p62, neighbor of BRCA-1 gene (NBR-1) and  nuclear dot 
protein 52 kDa (NDP52) critically link the autophagy machinery and the proteosome (Deretic, 2011). These 
proteins simultaneously bind to the autophagy regulator Atg8/LC3 through the LC3-interacting region 
(Moscat and Meco, 2009) and to the ubiquitinated cargo (e.g. protein aggregates, ubiquitinated structures or 
pathogens). Consistent with such a role for these adaptors, autophagy deficient cells have p62 accumulation 
and ubiquitinated protein accumulation. First of all, intracellular pathogens such as Salmonella, Shigella, 
Streptococci and Listeria involve similar mechanisms of ubiquitination and p62 tag followed by autophagy 
activation (Levine et al. 2008; Deretic 2011; Ravikumar et al.,2010). Secondly, protein inclusions that escape 
macroautophagy surveillance also do contain p62 on their surface (Revikumar et al., 2010). Finally, not only 
ubiquitination but also protein oligomerization is detected to drive autophagic substrate selection (Kaushik et 
al. 2010; Riley et al. 2010). Even though there are still unidentified components, those additional data 
suggest that the sequestome proteins are necessary for protein aggregate removal. (Kaushik et al. 2010).  
 
The link between p62 and ubiquitinated protein accumulation during autophagy deficiency proposes a key 
point in defining p62 to be the adaptor molecule between the cross-talk of ubiquitin proteosome system and 
autophagy (Moscat and Meco, 2009; Ravikumar et al., 2010). However, the idea of protein oligomerization 
driving autophagic substrate selection suggests that the polyubiquitinated proteins accumulated in autophagy 
deficiency are an indirect consequence of activation of Nrf-2 dependent stress pathways (Riley et al. 2010). 
Riley et al. showed that the increase of ubiquitinated conjugates in liver and brain specific autophagy 
deficient cells was completely suppressed by simultaneous knockout of either p62 or Nrf-2. Nrf-2 is 
degraded by Kelch-like ECH-associated protein 1 (keap1) ubiquitination. Lau et al. also proposed that 
accumulation of p62 in autophagy deficiency recruits keap1 through direct binding which in turn inhibits 
Nrf-2 ubiquitination (2010). Together these data reveal a novel connection between integration of signaling 
pathways, autophagy and ubiquitination homeostasis (Riley et al. 2010). However, the interactions of 
autophagy, p62 and Nrf-2 in protein disposal remain to be elucidated. 
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1.5.  Aims 
 
We had two different questions relating to cross regulation of autophagy and inflammation. As the 
autophogy machinery is known to negatively regulate inflammation, we wanted to know: 

- Does the autophagy machinery have a role in inhibition of stress-induced inflammatory responses after ER 
stress, HS and LPS challenges? 

-  What are the roles of p62 and Nrf-2 in LPS-induced autophagy? 

1.5.1. Role of autophagy machinery in stress-induced inflammatory responses 

Autophagy machinery is the most well conserved cell autonomous mechanism for adaptation to stress. Many 
of the functions of autophagy have been clarified in experiments done on yeast. On the other hand, 
inflammation is the main defense mechanism of the innate immune system which is specific to complex 
organisms.  
 
Considering the similar functions of autophagy and inflammation in stress adaptation, we hypothesized that 
cells may induce autophagy at first during stress, and then trigger inflammation only if autophagy is unable 
to resolve the stress. We wanted to elucidate the mechanism of how autophagy limits inflammation. We 
hypothesized that autophagy would inhibit inflammation more generally; because it is a cell autonomous 
mechanism for stress adaptation while inflammation is a non-cell autonomous way to deal with stress.  Cells 
may induce autophagy first during stress and trigger inflammation only if autophagy is unable to restore 
homeostasis. We aimed to check inflammatory cytokine gene expression levels for WT and Atg-5 KO 
macrophages with different cellular stress stimulants such as Tm, Tg, HS and LPS.  
 
1.5.2. Role of p62 and Nrf-2 in LPS induced autophagy and inflammation 
 
As LPS stimulation leads to increases in mRNA expression and translation, it increases protein accumulation 
hence the ubiquitination. Considering the suggested mechanisms linking protein turnover and autophagy, we 
hypothesized that p62 and Nrf-2 would play a role in the protein turnover mechanisms after LPS stimulation 
and their roles would be interfering with the autophagy machinery.  We aimed to detect the ubiquitinated 
protein levels and inflammatory cytokine gene expression levels for Atg-5, Nrf-2 and p62-KO and WT 
macrophages upon LPS stimulation. 
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2. Materials and methods  
  
2.1. Bone marrow preparation 
 
Bone marrow derived macrophages (BMDMs) from female or male black 6 (B6) Atg-5 tissue specific KO 
mice (Atg-5-5 flox/flox ; LysMCre) were used as autophagy KO samples. BMDMs from B6 mice were used 
as WT samples.  
 
For bone marrow preparation, the mice were cleaned with 70 % ethanol. The hind legs were removed and 
were put into a mortar containing 10 ml of pre-warmed complete media which is Roswell Park Memorial 
Institute medium 1640 (RPMI) supplemented with 10 % fetal bovine serum (FBS), 1 % streptomycin, 1 % 
hepes, 1 % L-glutamine and 1 % sodium pyruvate and 1.8 µl\500 ml of β-mercaptoethanol. Firstly, the hind 
legs were sterilized with 70 % ethanol. Secondly, the legs were washed with RPMI (supplemented with 2 % 
FBS) 3 times to remove all the residual ethanol. Thirdly, the bones were grinded harshly in 10 ml complete 
media with the mortar and pestle. When the bones disintegrated and turned white, the cells with the complete 
media were transferred to a 50 ml falcon tube fitted with a cell strainer.  The bones were grinded one more 
time in 5 ml complete media to get more cells out of the bones. The grinded bones were transferred to the 
cell strainer. The strained media was centrifuged at 279 g for 5 minutes. The supernatant was aspirated and 
the pallet was resuspended in 2 ml red blood cell lysis buffer (4.15 g NH4Cl, 0.5 g KHCO3 0.9 ml of 5 %  
ethylenediaminetetraacetic acid (EDTA) in 500 ml H20).  The lysis buffer was diluted in 20 ml complete 
media and the suspension was centrifuged at 279 g for 10 minutes. The supernatant was aspirated and the cell 
pellet was resuspended in 15 ml prewarmed macrophage growth media (25 % macrophage colony 
stimulating factor, 10 % FBS, 1 % streptomycin, 1 %  hepes 1 %  L-glutamine, 1 % sodium pyruvate and 1.8 
µl\500 ml β-mercaptoethanol in RPMI). The cells were counted and 3x106 cells were plated in 10 cm petri 
dishes containing 10 ml macrophage growth media. 
 
BMDMs were propagated with the macrophage growth media until they were confluent. The cells were fed 
after 4 days with 5 ml of macrophage growth media and they were harvested when they were confluent (after 
7 or 8 days). The cells were harvested from the petri dishes by pipetting after incubation of 5 ml 2 mM 
EDTA+ phosphate buffer solution (PBS) at 40 C0 for 2 minutes. The macrophages were centrifuged at 198 g 
for 5 minutes and then resuspended in macrophage plating media, which was % 60 of the complete media 
and 40 % of macrophage growth media. For stimulation experiments, 0.7x106 cells were plated in 12 well 
plates each containing 1 ml of complete media. Cells were grown overnight at 37 0C before stimulation. 
 
2.2. Cell lines 
 
Macrophage cell lines (MCLs) were prepared and frozen by our lab members (Dr. Horng’s Lab, HSPH) 
earlier. The KO cell lines were: Atg-5 KO macrophages, p62 KO macrophages, Nrf-2 KO macrophages and 
control MCLs. They were cultured in 11 ml of complete media.  One percent non-essential amino acids 
(Omega NEAA 100X) were also included in the complete media of the Atg-5 tissue specific KO MCLs. The 
cell lines were thawed and plated in 15 cm petri dishes containing 11 ml complete media. They were diluted 
1 to 5 in a new petri dish containing fresh medium when they were confluent (after 2-3 days). The cells were 
washed with PBS for two times. For harvesting from the petri dishes, 3 ml of 0.025 % trypsin was added in 
the dishes and incubated for 1 minute. The cells were pipetted off the plate and were transferred to 15 ml 
falcon tubes. The tubes were centrifuged at 279 g for 5 minutes. The tyrpsin was aspirated and the cells were 
resuspended in the prewarmed fresh complete media. One fifth of the cells were plated in 15 cm plates 
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containing fresh complete media after resuspension for further use. For stimulation experiments, 0.7x106 
cells were plated in 12 well plates each containing 1 ml of complete media. They were grown overnight at 37 
0C before stimulation. 
 
 2.3. Stimulating and harvesting cells 
 
For LPS treatment, cells were treated with 100 ng/ml LPS with the indicated time points (2 to 48 hours). For 
bafilomycin (Baf) treatment, cells were treated with 200 nM Baf for 2 hours. Zero point one µM Tg and 1.5 
µg Tm were used for ER stress stimulations (4 to 24 hours). For HS conditions, cells were incubated at 42 C0 
for 1 or 2 hours followed by a rest at 370 for 1 or 2 hours. 
 
For harvesting the cells before LC3-II western blotting, the plating media was aspirated and cells were lysed 
directly in 175 ml of 1 % Triton X lysis buffer (20 mM Tris HCl, 150 mM NaCl, 1 % triton X, 0.25 % 
sodium azide, with the total pH 8 in dH20) and 35 X protease inhibitor coctail. The wells were scraped with 
syringe stopper. The macrophages were transferred into 1.5 µl tubes and they were incubated on ice for 20 
minutes with occasional vortexing. The macrophages were centrifuged at 279 g at 4 oC. Supernatants were 
transferred to a new tube. Five µl of each sample was taken to a new 1.5 µl tube for bicinchoninic acid assay 
(BCA) assay. Remaining samples were boiled at 95 oC for 8 minutes with 6 X Sodium dodecyl sulfate 
(SDS) loading buffer (7 ml of 4 X Tris-Cl/SDS, 3 ml Glycerol 1 g SDS, 0.93 g DTT (0.6 M final)) to be 
loaded for western blotting. The protocol was optimized by Vanessa Byles (Dr. Horng’s lab, HSPH). 
  
For harvesting the cells before mono- and polyubiquitinylated conjugates (FK-2) western blotting, plating 
media was aspirated and cells were harvested in 70 µl of 6 X SDS.  
 
For harvesting the cells before RNA isolation, cells were harvested in 400 µl of RNA-Bee by vigorously 
pipetting.  
  
2.4. RNA isolation, DNAse treatment and cDNA (complementary DNA) synthesis 
 
For RNA isolation, 0.7x106 cells were plated in 1 ml of macrophage plating media overnight. RNA-Bee TM 
RNA isolation reagent protocol was used. The cells were resuspended in 400 µl of RNA bee for 
homogenization. 80 µl of chloroform was used for phase separation. After removal of the aqueous phase, 500 
µl isopropanol was used for RNA precipitation and 1000 µl of 75 % ethanol was used for RNA washing. 
RNA was dissolved in 15 µl dH2O. The samples were diluted 1 to 15 and their RNA concentrations were 
measured using the BioRad smartspec plus spectrophotometer. 2 µg of isolated RNA was used from each 
sample for cDNA synthesis followed by DNAse treatment.  

 
DNAse treatment was done by sigma deoxyribonuclease I amplification grade kit according to manufacturer 
instructions. 2 µg RNA was dissolved in 8 µl water. 1 µl reaction buffer and 1 µl amplification grade 
DNAse-I were added and the solution was incubated in room temperature for 15 minutes mixing gently. To 
inactivate the DNAse, 0.5 µl of stop solution was added and the sample was heated at 70 oC for 10 minutes. 
The cDNA synthesis was done with turbo DNA-free kit according to manufacturer instructions. Two µg 
RNA in 14.2 µl dH2O was mixed with 10 X reverse transcriptase (RT) buffer, 10 X random primers, 25 X 
dNTPs  and  20 X RT enzyme.  
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2.5. Reverse transcriptase (RT) quantitative polymerase chain reaction (QPCR)  
 
QPCR was performed on Bio- RAD CFX 96 real time system unit using sybergreen (Quigen) with the 
primers sequences: 
  
Chop:       AGG TCC TGT CCT CAG ATG AAA TTG  
                  TGG GCC ATA GAA CTC TGA CTG GAA 
 
HPRT:     TTT CCC TGG TTA AGC AGT ACA GCC  
                  TGG CCT GTA TCC AAC ACT TCG AGA  
   
IFN-ß:      TTG CCA TCC AAG AGA TGC TCC AGA  
                  AGA AAC ACT GTC TGC TGG TGG AGT  
 
IL-1-ß:      GCC TTG GGC CTC AAA GGA AAG AAT 
                  ATT GCT TGG GAT CCA CAC TCT CCA  
   
IL-6:         AGA CAA AGC CAG AGT CCT TCA GAG  
                  TTG  GTC CTT  AGC CAC TCC TTC  TGT  
 
MCP-1:     TCA CCT GCT GCT ACT CAT TCA CCA 
                   AGC ACA GAC CTC TCT CTT GAG CTT 
   
TNF-α:      TCT CAG CCT CTT CTC ATT  CCT  GCT  
                   AGA ACT GAT GAG AGG GAG GCC ATT  
 
P62:           AGC ACA GGC ACA GAA GAC AAG AGT 
                   AGC AGT TTC CCG ACT CCA TCT GTT 
 
Nrf-2:         ACC GCA CAA GCT TCG GAT TAA AGC 
                   AGC TCA GAA CCA ATG CGA GAT CCT 
               
The primer reaction was in 15 µ l including 7.5 µ l of 2 X syber green mix, 1.5 µl of primer mix (3 µM of 
F+R), 1 µl of H2O and 5 µl of cDNA (The samples were diluted 6 fold after cDNA synthesis). The qPCR 
conditions were adapted from Lee Lab (HSPH) and Biotechniques 32:790-796 by Johan Ockinger (Dr. 
Horn’g lab, HSPH). The syber green mix was prepared by Vanessa Byles (Dr. Horn’g lab, HSPH).  
 
The qPCR temperatures for syber green real- time qPCR was as follows:  Complete denaturation at 95 °C for 
5 minutes; 49 cycles at 95°C (for 10 seconds) for denaturation of the template, 49 cycles at 60 °C (for 10 
seconds) for primer annealing and extention, 49 cycles at 72 °C (for 20 seconds) for second extension and 
final melting analysis at 55 °C- 95 °C  (for 5 seconds). The raw threshold cycle (CT) value was normalized to 
the housekeeping gene, Hypoxanthine-guanine phosphoribosyltransferase (HPRT), for each sample using the 
ΔΔCT method.  
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2.6. BCA assay and western blotting 
 
BCA assay was performed with Micro BCA protein assay kit (Thermo Scientific) according to manufacturer 
instructions to detect the concentration of the protein to be loaded in the western gel. Absorbance of the 
samples were measured and calculated by comparing to a standard protein concentration by BioRad 
SmartSpec TM Plus spectrophotometer. Purple color reaction product of the kit exhibits a strong absorbance 
at 562 nm that is linear with increasing protein concentrations and makes it possible to detect the amount of 
protein in the samples. 
 
Depending on manufacturer’s instructions, 5 µl from each sample was diluted in 500 µl H2O after harvesting. 
Known concentrations of standard protein which was albumin were prepared with dilutions of: 0.5; 1; 1.5; 2; 
4; 6; 8; 10 µg in 500 µl. Five hundred µl of reagents from the BCA kit that made colorimetric detection and 
quantification of the protein possible, were added on every sample. The samples were incubated on the heat 
block at 65 0C for an hour. Absorbance of the samples and the standard protein were measured by BioRad 
SmartSpec TM Plus spectrophotometer and the protein concentrations of the samples were calculated. 3 µg 
of protein was used for LC3-II western blotting.  
 
For FK-2 western blotting, 8 µl of each sample was loaded in the gel and quantification was done by Beta-
actin antibody staining and image-J analysis <http://rsbweb.nih.gov/ij/>. 
 
15 % polyacrylamide gel was used to check for LC3-II accumulation. Solution of resolving gel included 7.5 
ml of 30 % acrylamide, 0.8 % bisacrylamide, 3.75 ml of 4 X Triscl\SDS pH 8.8, 3.75 ml of H2O, 50 µl 10 % 
ammonium persulfate and 10 µl temed. Stacking solution of the gel included 650 µl 30 % acrylamide, 0.8 % 
bisacrylamide, 1.25 µl 4 X Triscl\SDS pH 6.8, 3.05 ml H2O, 10 % ammonium persulfate and 5 µl temed. 
Samples were boiled in 6 X SDS loading buffer at 95 0C for 10 minutes. Three µg of total protein from each 
sample and 5 µl of protein ladder were loaded in the gel. SDS running buffer (15.1 g tris-base, 72 g glycine, 
5 g SDS in 500 ml H2O and dilted 10 times with H2O) was used and the gel was run at 80 V for 20 minutes  
first, at 100 V for 45 minutes second (till the dye of the samples were visible at the bottom of the gel). The 
proteins were transferred onto a polyvinylidene difluoride membrane. To make the membrane more porous, 
it was washed with methanol for 2 minutes. Sponges and blotting papers were also washed with transfer 
buffer (3.1 g tris base, 14.5 g glycine, 0.4 g SDS, 150 ml methanol in 1 liter of H2O).  
 
The membrane was placed on top of the gel in between two filter papers. The stack was placed in between 
sponges and it was placed in a transfer tray. An ice cube was also placed in the tray. The tray was filled with 
transfer buffer and the proteins were transferred at 100 V for 45 minutes in the cold room.  The membrane 
was blocked with 5 % milk powder (in TBST) at room temperature on the incubator for one hour. 
 
For the LC3-II western, the membrane was incubated overnight with primary LC3-II antibody (Novus 
Biologicals, NB100-2220: 1:2000 dilution in 5 % milk powder) in the cold room. Horse-radish peroxide-
linked rabbit antibody (GE Healthcare, 1:10.000 dilution in 5% milk powder) was used for secondary 
antibody staining after 5 minute washes of 3 times with tris-buffered saline and triton (TBST) (2.4g tris, 8g 
NaCl in 80 ml H2O with pH 7.6). The membrane was developed after 10 minutes of 4 X Femto Peroxide 
wash after 5 minute washes of 3 times with TBST. 
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For the FK-2 western, the membrane was incubated overnight with primary FK-2 antibody  (Novus 
biologicals, 1:1000 dilution in 1 % BSA/TBST) and incubated overnight in the cold room.  Horseradish 
peroxide-linked mouse antibody (GE Healthcare, 1:7.500 dilution in 1% BSA/TBST) was used for secondary 
antibody staining after 15 minute washes of TBST for 4 times.  The membrane was developed with diluted 
pico (SuperSignal West Pico by Thermo scientific) after 15 minute washes of TBST for 4 times. Beta-actin 
antibody staining was done after FK-2 antibody detection as a protein control for image J quantification. The 
same membrane was washed 4 times for 1-2 hours with TBST. Beta-actin primary antibody was used (Novus 
Biologicals 100-2220: 1:2000 dilution in 5% milk powder). Horse-radish peroxide-linked rabbit antibody 
(GE Healthcare: 1:10.000 dilution in 5% milk powder) was used for secondary antibody staining after 5 
minute washes of 3 times with TBST. The membrane was developed with diluted Pico. Image J analysis was 
used for quantification of the FK-2 westerns. The protocol was optimized by Vanessa Byles. 
 

 3. Results: 
 
3.1. Inhibition of stress-induced inflammatory responses by autophagy 
 
We hypothesized the existence of a potential link between stress induced inflammation and autophagy. To 
test this hypothesis, we challenged control and autophagy deficient macrophages with ER stress and HS. We 
analyzed stress-induced inflammatory cytokine mRNA levels in WT and autophagy deficient macrophages 
(Fig. 1 and Fig. 2).  As autophagy is known to regulate inflammation negatively, we expected to see higher 
levels of inflammatory cytokine gene expression in autophagy deficient macrophages after ER stress and HS 
challenges. Comparing autophagy deficient macrophages with the WT macrophages, some of the 
inflammatory cytokines were expressed at higher levels in autophagy deficient cells after ER stress (Fig. 1). 
However, the levels of inflammatory cytokine gene expression did not differ between WT and autophagy 
deficient macrophages after HS (Fig. 2).    
 
We used two different ER stress inducers Tg and Tm, which are both known to induce autophagy. Tg 
induces ER stress by increasing cytosolic calcium concentration. Tm induces ER stress by blocking N-linked 
glycosylation, which is crucial for protein folding. As a positive control for our ER stress challenge, we 
checked the expression levels of Chop, which is a well-known protein induced after ER stress. As we 
expected, LPS challenge did not induce Chop expression levels while Tm and Tg did (Figure 1.A). 
Afterwards, we checked and compared the inflammatory cytokine gene expression levels for the ER stressed 
macrophages with different time points (Fig. 1). The higher cytokine gene expression levels between WT 
and Atg-5 KO macrophages were around two fold for all the cases (Figure 1). IFN-ß was expressed at higher 
levels in KO macrophages after 4 and 8 hours of Tm and Tg challenges respectively (Fig. 1.B). MCP-1 was 
expressed at higher levels in KO macrophages after 4 hours both for Tm and Tg and it was also expressed at 
higher levels after 24 hours of Tm treatment (Fig. 1.D). IL-6 and MCP-1 were expressed at higher levels 
with longer time points of Tm treatment (Figure 1.C and 1.D). IL-6 was also expressed at higher levels for 
16 hours time point of Tg treatment (Figure 1.C).  
 
Unlike ER stress, HS did not induce inflammatory cytokine gene expression levels. Macrophages were 
subjected to HS at different time points. For the positive control of the experiments, LPS was used as a well-
known inducer of the inflammatory cytokine gene expressions. IL-6, TNF-α, MCP-1 and IL-1ß were not 
expressed at higher levels compared to the unstimulated samples after HS challenges (Fig. 2. A,B,C,D). HS 
challenge induced only IFN-ß expression levels in macrophages. However, the levels of IFN-ß expression 
did not differ between the control and KO samples as expected (Fig. 2E). 
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3.2. Inhibition of LPS induced inflammatory responses by autophagy 
 
We used LPS stimulation as a positive control in all our qPCR experiments. Notably, all of our results 
showed that IL-6, IFN-ß, MCP-1 but not IL-1ß were expressed at higher levels in Atg-5 KO macrophages 
after LPS stimulation (Fig.3). The results were consistent in three independent experiments. Supporting the 
hypothesis of autophagy in limiting inflammation, our results have revealed that autophagy inhibits LPS 
induced pro-inflammatory cytokine gene expression levels in mouse macrophages (Fig. 3). 
 
3.3. Role of Nrf2 and p62 in LPS-induced autophagy 

 
We hypothesized that the role of autophagy in regulating inflammation and ubiquitination after LPS 
stimulation would be dependent on p62 and Nrf-2. We wanted to further elucidate the roles of p62 and Nrf-2 
in autophagy machinery as well as in regulating inflammation and ubiquitination after LPS stimulation.  

 
In order to see whether the autophagy machinery is activated after LPS stimulation, we measured LC3-II 
levels of WT and p62-KO macrophages by western blotting after different time points of LPS stimulations 
(Figure 4., lanes 1 to 7). LC3-II levels correlate with autophagosome numbers. However, the protein is 
found both on the luminal and cytosolic surfaces of autophagosomes and the cytosolic LC3-II is also 
continuously degraded by lysosomes (Rubinsztein et al. 2009). Bafilomycin inhibits fusion of 
autophagosomes with lysosomes and it blocks the LC3-II degradation. The increase in LC3-II levels with 
bafilomycin treatment is an indication of a snapshot where the autophagy machinery is active. We also 
treated each sample with or without bafilomycin to visualize this snapshot. Comparing bafilomycin treated 
samples with the control ones, LC3-II accumulation was higher in the bafilomycin treated samples for WT 
macrophages after LPS stimulation indicating that autophagy machinery was continuously active in WT 
macrophages (Figure 4., lanes 1 to 6).  
 
Our results showed that LC3-II was being degraded continuously with or without LPS stimulation (Figure 
4., lanes 1 to 6). Comparing the levels of LC3-II with or without LPS treatment (Figure 4., lanes 1 and 3), 
our results also indicated that LPS induces autophagy in control macrophages.  
 
In order to see the role of p62 in LPS induced autophagy, we did the LC3-II western blotting also for p62 KO 
macrophages (Fig.4., lanes: 7-12). Consistent with other data indicating the role of p62 in autophagy 
activation (Deretic V.,2011), levels of LC3-II did not differ with LPS stimulation in autophagy KO 
macrophages compared to WT macrophages (Fig. 4., lanes 7 and 9). Our data also indicated that the 
activation of autophagy by LPS was dependent on p62 (Fig.4., lanes 7-12). 
 
In order to see the role of p62 and Nrf-2 in protein turnover and autophagy following LPS stimulation, we 
used FK-2 antibodies to detect polyubiquitin chains for control, p62 and Nrf-2 KO macrophages after LPS 
stimulation (Fig. 5). The westerns were done twice. Our results have shown that Atg-5 KOs were deficient in 
turning over the polyubiquitinated proteins revealing the role of autophagy in degradation of the 
polyubiquitinated proteins (Fig. 5-A). However, p62 and Nrf-2 KOs did not lead to accumulation of 
polyubiquitinated proteins suggesting that ubiquitinated proteins were cleared by Atg-5 independently of p62 
and Nrf-2 (Fig. 5-B and C lanes: 6-12).   
 
In order to see the role of p62 and Nrf-2 after LPS stimulation, we also checked p62 and Nrf-2 expression 
levels in Nrf-2 and p62 KOs respectively (Fig.6). P62 KOs expressed Nrf-2 and Nrf-2 KOs also expressed 
p62 after different time points of LPS stimulation (Fig. 6) revealing that p62 and Nrf-2 are not completely 
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dependent on each other following LPS stimulation. 
 
As our data indicated that the clearance of the polyubiquitinated chains are independent of p62 and Nrf-2 
(Fig.5.-B-C), we hypothesized that p62 and Nrf-2 may play a role in regulating the inflammatory cytokine 
gene expression levels. We checked the inflammatory cytokine (IL1-ß, IFN-ß, TNF-α MCP-1) and the anti-
inflammatory cytokine (IL-10) gene expression levels in p62 and Nrf-2 KO macrophages following different 
time points of LPS stimulations (Fig. 7). Our results indicated that most of the inflammatory cytokines were 
expressed at higher levels in p62 and Nrf-2 KO macrophages compared to the WT macrophages suggesting a 
role for p62 and Nrf-2 in inhibiting pro-inflammatory cytokine gene expression (Fig. 7). However, different 
cytokines were expressed at higher levels comparing the expression levels of p62 KO macrophages with Nrf-
2 KO macrophages. 
 

   4. Discussion 
 
4.1. Inhibition of stress-induced inflammatory responses by autophagy 
 
Both inflammation and autophagy play a role in response to cellular stress to maintain homeostasis. 
Considering the role of autophagy in inhibiting inflammation, we were expecting to see an increase in 
inflammatory cytokine gene expression levels after ER stress and HS in autophagy deficient cells. 
Comparing the gene expression levels in control macrophages and autophagy deficient macrophages, IFN-ß 
and MCP-1 were expressed at higher levels in earlier time points of ER stress stimulations while IL-6 was 
expressed at higher levels at later time points of Tm and Tg stimulations. The time dependent increase 
supports the published data on autophagy inhibiting inflammation. It would also suggest a role for ER stress 
in regulating inflammation through autophagy. The levels of increase in IL-6 at later time points of ER stress 
would also be an indication of inflammation dealing with stress at first, before the activation of inflammatory 
cytokine gene expression. However, the levels of inflammatory cytokines were time dependent and were not 
consistent in all the cytokines comparing Tm and Tg treatments (Fig. 1). Thus, while our results may support 
a role for autophagy in inhibiting inflammation during ER stress, further experiments are needed to confirm 
these findings and this hypothesis.   
 
Of 5 inflammatory cytokine genes analyzed, HS challenge induced only the expression of IFN-ß (Fig. 2). We 
hypothesized that IFN-ß would be expressed more for the autophagy deficient macrophages compared to 
control macrophages after HS but found that this is not true. First, HS challenge would not be an inducer of 
inflammatory cytokine gene expression in macrophages and the autophagy machinery would not have a role 
in regulating inflammation after the HS challenge. Second, the mechanisms of autophagy induction and its 
relation to inflammation would be different between ER stress and HS challenges even though both of them 
are capable of inducing autophagy. 
 
IL-6, IFN-ß and MCP-1 were expressed at higher levels in Atg-5 KO macrophages. Our results demonstrate 
the role of autophagy deficiency in induction of inflammatory cytokine gene expressions such as IL-6, IFN-ß 
and MCP-1 but not IL-1ß after LPS stimulation The role of autophagy after LPS stimulation could be related 
to a transcription factor called X-box binding protein-1 (XBP-1) which is activated after ER stress. Indeed, 
Martinon et al. have shown that TLR activated XBP-1 regulates inflammatory mediators’ gene activation 
such as IL-6, TNF-α, IFN-ß (2010). They observed less expression of those genes in XBP-1 deficient 
macrophages. Indeed, Zeng et al. also showed that macrophages undergoing UPR had increased levels of 
IFN-ß expression in response to LPS (2009).   
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As autophagy deficiency is characterized by ER stress and UPR, LPS stimulation in Atg-5 KO macrophages 
would have higher levels of inflammatory cytokine gene expression through activation of XBP-1.  

 
4.2.  Role of Nrf2 and p62 in LPS-induced autophagy 
 
Consistent with the role of autophagy to serve as an alternative pathway for turning over the ubiquitinated 
proteins, our results indicated that autophagy deficient macrophages can not clear the ubiquitinated proteins 
accumulated following LPS stimulation (Figure 5). Riley et. al. showed that accumulation of 
polyubiquitinated chains in autophagy deficient liver and brain was an indirect consequence of Nrf-2 
dependent stress response pathways activated by p62 accumulation (2010). However, our results indicated 
that clearance of polyubiquitinated chains by the autophagy machinery was independent of p62 and Nrf-2 in 
macrophages. Our data suggests that clearance of polyubiquitinated proteins by the autophagy machinery 
may be either cell type dependent or stimulation/context dependent.  
 
Our results also showed that LC3-II accumulates in macrophages with LPS stimulation and this 
accumulation is dependent on p62. Even though the induction of autophagy was p62 dependent after LPS 
stimulation, clearance of the polyubiquitinated proteins by autophagy could be controlled by some other 
mechanisms independent of p62 in macrophages.  
 
We thought that inflammatory cytokine gene expression would be related to the role of p62 and Nrf-2 
following LPS stimulation. Our results showed that IL-1ß and IL-6  were expressed at higher levels in p62 
KOs while IL-1ß , IFN-ß and IL-10 were expressed at higher levels in Nrf-2 KOs. This would suggest that 
both P62 and Nrf-2 regulated inflammatory cytokine gene expression levels following LPS challenge in 
macrophages. However, their role in regulating the inflammatory cytokine gene expression levels seemed to 
be through independent mechanisms.  
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6. Figures 
Figure 1. 
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Figure 1. Normalized fold expression levels of ER stress-induced inflammatory cytokine genes in WT and Atg-5 KO 
macrophages. Macrophages were stimulated with Tg and Tm for the indicated hours (H). QPCR was performed on Bio- RAD 
CFX 96 real time system. The housekeeping gene HPRT was used as a normalization reference. Relative gene expression levels 
among different samples were determined by using the ΔΔCT method. Normalized fold expression levels were relative to the 
WT unstimulated (US) sample. The graphs are representatives of two independent experiments. A. Chop expression levels. B. 
IFN-ß gene expression levels. C. IL-6 gene expression levels. D. MCP-1 gene expression levels.  E. IL1-ß gene expression 
levels.    
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Figure 2. 
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Figure 2.  Normalized fold expression levels of HS-induced inflammatory cytokine genes in control(C) and Atg-5 KO 
macrophages. C and Atg-5 KO MCLs were subjected to HS and then they were rested for the indicated time points.  R stands for 
rest. One sample from each set was also subjected to LPS stimulation as a positive control for inflammatory cytokine gene 
expressions (sample 7). QPCR was performed on Bio- RAD CFX-96 real time system. The housekeeping gene HPRT was used as 
a normalization reference. Relative gene expression levels among different samples were determined by using the ΔΔCT method. 
Normalized fold expression levels were relative to the C-US sample. A. IL-6 gene expression levels. B. TNF-α gene expression 
levels. C. MCP-1 gene expression levels. D. IL1-ß gene expression levels. E. IFN-ß gene expression levels. F. IFN-ß gene 
expression levels of only HS treated samples. Sample 7 (the positive control) was left out from figure 2.E to visualize the fold 
expression levels of only HS treated samples. 
        
Figure 3. 
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Figure 3.  Normalized fold expression levels of LPS-induced inflammatory cytokine genes in C and Atg-5 KO  
macrophages. Control and Atg-5 KO macrophages were stimulated with 4 H and 8 H of LPS. QPCR was performed on Bio- 
RAD CFX 96 real time system. The housekeeping gene HPRT was used as a normalization reference. Relative gene expression 
levels among different samples were determined using the ΔΔCT method. Normalized fold expression levels were relative to the 
C-US sample. IL-6 gene expression levels. B. TNF-α gene expression levels. C. MCP-1 gene expression levels. D. IL1-ß gene 
expression levels. E. IFN-ß gene expression levels. The graphs shown are representative of three independent experiments. 
          

    Figure 4. 

 
 
Figure 4. Analysis of LC3-II accumulation following LPS stimulation for C and p62 KO macrophages. The samples of the 
first 6 lanes were B6 MCLs; the samples of the lanes 7-12 were Atg-5 KO MCL. Baf inhibits LC3-II degradation. Cells in lanes 
2, 4, 6, 8, 10 and 12 were treated with Baf for 2 hours after indicated time points of LPS stimulation. The darker bands were 16 
kD and they were representative of LC3-II. The lighter bands were representative of LC3-I which were 18 kD. 
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Figure 5. 
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Figure 5. Analysis of ubiquitination levels for Atg-5, p62, Nrf-2 and control macrophages following LPS stimulation. 
Macrophages were stimulated with 4, 6, 8, 16, 24 and 48 hours of LPS. They were lysed with 6x SD buffer. Beta actin was used as 
the positive control. FK2 antibody was used to detect ubiquitination levels. Quantitation analysis of FK2 relative to beta actin was 
done by image-J analysis. A. Ubiquitination levels of Control and Atg-5KO macrophages. First 6 lanes were Control Macrophages 
and the last 6 lanes (6-12) were Atg-5 KO Macrophages.  B. Ubiquitination levels of control versus p62 KO macrophages. First 6 
lanes were MCLs and the last 6 lanes (6-12) were Atg-5 KO Macrophages.  C. Ubiquitination levels of control versus Nrf-2 KO 
macrophages. First 6 lanes were B6 macrophages and the last 6 lanes (6-12) were Atg-5 KO Macrophages. The blots shown are 
representative of two independent experiments. 
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  Figure 7. 
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Figure 7. Normalized fold expression levels of LPS-induced inflammatory cytokine genes in C and p62 KO macrophages. 
Macrophages were treated with the indicated time points of LPS. The housekeeping gene HPRT was used as a normalization 
reference. C stands for control and KO stands for p62 KO macrophages. QPCR was performed on Bio- RAD CFX-96 real time 
system. Relative gene expression levels among different samples were determined by using the ΔΔCT method. Normalized fold 
expression levels were relative to the unstimulated control sample. A. IL1-ß gene expression levels. B. IFN-ß gene expression levels. 
C. IL-6 gene expression levels. D. TNF- α gene expression levels. E. MCP-1 gene expression levels. F. IL10 gene expression levels. 
The graphs are representatives of two independent experiments. 
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  Figure 8. 
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Figure 8. Normalized fold expression levels of LPS-induced inflammatory cytokine genes in C and Nrf-2 KO 
macrophages. Macrophages were treated with the indicated time points of LPS. The housekeeping gene HPRT was used as a 
normalization reference. C stands for control and KO stands for Nrf-2 KO macrophages. QPCR was performed on Bio- RAD 
CFX 96 real time system. Relative gene expression were determined by using the ΔΔCT method. Normalized fold expression 
levels were relative to the unstimulated control sample.  KO stands for p62 KO. A. IL1-ß gene expression levels. B. IFN-ß gene 
expression levels. C. IL-6 gene expression levels. D. TNF- α gene expression levels. E. MCP-1 gene expression levels. F. IL10 
expression levels. The graphs are representative of two independent experiments. 
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