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Autophagic Reprogramming of Bone Marrow-Derived Macrophages  

ABSTRACT 

Background: Macroautophagy is a highly conserved catabolic process among eukaryotes. 

Autophagosome is a piece of double-membrane machinery that fuses with lysosomes during 

macroautophagy to form autolysosomes. Autolysosome degrades organelles and organizes the 

pathogen engulfment during phagocytosis in innate immunity. Macrophages are highly dynamic 

immune cells that orchestrate the host-pathogen interaction. Interestingly, autophagy is implicated 

in disease pathophysiologies such as Crohn’s disease, cancer, and neurodegenerative diseases. 

Therefore, we studied the interplay between autophagy and macrophage polarization (activation) 

through two approaches: 

1- Systems biology approach to construct the genetic regulatory network and pathway analysis. 

And to predict the target proteins that mediate the interplay between autophagy and 

macrophage activation(polarization).  

2- In vitro experimental validation of target proteins using immune co-localization studies, flow 

cytometry studies, laser confocal microscopy studies, and gene expression analysis. 

Methods. A systems biology approach was performed to find the interplay between Autophagy 

related genes (Atgs) & Differentially expressed genes of Macrophage Polarization M1-M2 

(DEGs), followed by common pathway enrichment and construction of transcription factors and 

mi-RNAs regulatory networks. The Atgs and DEGs targets that mediate the interplay between 

autophagy and macrophage polarization were defined, and experimental validation for targets took 

place. Bone marrow-derived monocytes were isolated from the femur and tibia of female mice. 

After differentiation of monocytes to M0, M1, and M2a, the lineage phenotypes were characterized 

using flow cytometry. Afterward, we validated the targets of Smad1, LC3A&B, Atg16L1, Atg7, 

IL6, CD68, Arg-1, and Vamp7. Finally, we investigated the impact of autophagy inhibition on all 

immune lineages using autophagy inhibitor  Bafilomycin-A.   

Results: Immune phenotyping by flow cytometry revealed three macrophage phenotypes: 

(IL6+/CD68+) M0 φ, (IL6+/CD68+/Arg-1 +) M1 φ and (CD68+/Arg-1) M2a φ lineages.  And 3D 
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reconstruction of laser confocal microscopy Z-stalk images revealed an increase of autophagy 

activity in both M1 and M2a lineages. In addition, a significant increase was also observed in pre 

autophagosome size and number of Atg-7, Atg-16L1 in interleukin -4 activated M2a cells 

compared to control M 0 naïve cells. The size of LC 3 A& B auto phagosomal aggregates showed 

an increase in M2a cells. RT qPCR supported these findings and showed the high gene expression 

profile of Atg 16 L 1- 3, smad1, and Vamp 7 in  M2a lineage. Bafilomycin –A, an autophagy 

inhibitor, induced increased expression of CD68 and Arg-1 in all cell lineages. Phagocytosis assay 

with Heat killed E Coli bacteria showed decreased phagocytosis activity in IL-4 activated M2a 

cells but not M1 cells. 

Conclusion: This study suggests that autophagy reprograms macrophages through CD68 and 

Arginase-1 phagocytosis markers and Atg 16 L 1 -3 dependent manner. 
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INTRODUCTION 

 

Macrophages are major key players in the immune system and contribute to host-pathogen defense 

mechanisms (Silva (2011). Phagocytosis is one of the tools that immune cells use in host-pathogen 

interaction (Richards and Endres 2014). The activation of macrophages affects the quality of the 

phagocytosis process (Cassetta, Cassol et al. (2011).  Autophagy is a highly conserved catabolic 

process; it is essential for cellular recycling. Autophagy is implicated in the pathogenesis of several 

diseases such as cancer, neurodegenerative disease, innate immune response-related diseases 

Levine and Kroemer (2008). Autophagy regulates phagocytosis in macrophages by modulating 

surface scavenger receptors (Bonilla, Bhattacharya et al. (2013).  

Here we investigate how autophagy reprograms macrophage polarization in phagocytosis, as the 

interplay between autophagy and macrophage polarization is poorly understood.  Finding the 

targeted proteins that mediate the interplay between autophagy and macrophage polarization 

among a pool of autophagy-related proteins and hundreds of growth factors and proteins that 

regulate macrophage polarization is quite challenging. Therefore, we implemented a systems 

biology approach to narrow down the protein targets that mediate the interplay between the two 

processes. These target proteins were validated in vitro using bone marrow isolated macrophages.  
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I- LITERATURE REVIEW 

AUTOPHAGY  

Autophagy is a highly conserved cellular process among prokaryotes and eukaryotes Mizushima 

and Levine (2010), associated with cellular growth and differentiation King (2012). It is 

composed of the following steps: vesicle or phagophore formation and elongation, autophagosome 

formation and lysosomal fusion, and finally auto lysosomal degradation  (Dikic and Elazar 

(2018). Autophagy is involved in the pathophysiology of many diseases such as neurodegenerative 

disorders Nixon (2013), tumorigenesis Parkhitko, Favorova et al. (2013), the immune response to 

infections Pan, Chen et al. (2016), and diabetes Quan, Lim et al. (2012).  

There are several types of autophagy: Selective (micro and macro) autophagy, which degrade 

particular cell organelles such as; damaged mitochondria, and peroxisomes. In contrast, non-

selective autophagy targets cytoplasmic bulk turnover (Sharma, Verma et al. (2018)(Parzych 

and Klionsky (2014)  

AUTOPHAGY RELATED PROTEINS  

Autophagy-related proteins are highly conserved and contain several membrane proteins that 

regulate autophagy processes Shibutani, Saitoh et al. (2015).  

Selective autophagy is initiated in response to starvation or amino acid depletion via the inhibition 

of the nutrient-sensing kinase mammalian target of rapamycin complex one (mTORC1) and the 

activation of the AMPK kinase pathway, which activates mammalian Atg1/ULK1 kinase Shang 

and Wang (2011). ULK1 mediates the interaction between Atg13, Atg16L1 Gammoh, Florey et 

al. (2013), Zachari and Ganley (2017). Atg16L1 is a component of the phagophore elongation 

complex (Atg5-Atg12-Atg16L1) Matsushita, Suzuki et al. (2006). The Atg13-FIP200-Atg101 
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complex activates phosphatidylinositol 3 - kinase (PIK3C3), which forms a complex with the 

Beclin1 gene, causing autophagy initiation Mercer, Gubas et al. (2018). After the recruitment of 

the (Atg5-Atg12-Atg16L1) complex, an autophagosome is formed Zavodszky, Vicinanza et al. 

(2013). The Atg16L1 and Atg9 regulate autophagosome formation by enhancing the conjugation 

of PE (phosphatidylethanolamine) with LC3 (Atg8-like) to form LC3-II (MAP1LC3A, 

MAP1LC3B, and MAP1LC3C) Xie, Kang et al. (2015) & Yoshii and Mizushima (2017). LC3 

is critical for autophagosome – lysosomal fusion Deretic (2008). 

Autophagy-related protein Atg7 is a ubiquitin-activating enzyme. It helps the conjugation of 

Atg12 with its substrate Atg5, through conjugation with Atg12 and facilitation of binding of Atg10 

to Atg12  Geng and Klionsky (2008). Atg7 enhances the binding of Atg3 to the Atg8 like protein 

LC3 and regulates LC3-PE conjugation Kaiser, Qiu et al. (2013). Therefore, Atg7 is considered 

a crucial regulator of nascent autophagosome formation and autophagosome-lysosome fusion 

Arakawa, Honda et al. (2017). It also acts as an autophagosome marker Kuma, Komatsu et al. 

(2017), and plays an essential role in bladder cancer tumorigenesis Zhu, Li et al. (2017), and 

regulates brain angiogenesis. Knocking out Atg7 in endothelial cells decreased the expression of 

IL-6 Zhuang, Liu et al. (2017). 
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FIGURE 1. MAMMALIAN TARGET OF RAPAMYCIN (MTORC1) AND AMPK 

INDUCED AUTOPHAGY.   

Activation of PI3K/AKT signaling activates m-TORC1, which is a nutrient-sensing kinase. Upon 

nutrient or amino acids depletion, activation of AMPK signaling inhibits m-TORC1 and 

phosphorylates the ULK complex. The Atg101-FIP200-Atg13 complex is phosphorylated by 

ULK1/2 kinase and activates the binding Beclin1, Atg14 to initiate autophagy. ULK1/2 and Atg7 

ubiquitin regulate the conjugation of the Atg16 to Atg12-Atg5 complex. Atg7 regulates the 

interaction between Atg16 and LC3 in the presence of Atg3. (Designed by Authors using 

Biorender.com). 
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Autophagy-related protein Atg 16L1 interacts with the Atg5-Atg12 conjugation system that 

mediates the conjugation of phosphatidylethanolamine (PE) to LC3-I to produce LC3-II Gammoh 

(2020) (Figure 2). Atg16L1 helps in pre-auto phagosome elongation and Autophagosome 

formation.  

Atg16L1 protein has different isoforms. The most clinically significant is Atg16l-1 or Alpha, then 

Atg16L1-2 and Atg16L1-3 Jiang, Qin et al. (2013). Atg16L1 appears on the surface of Pre-auto 

phagosomes inside the cell. Therefore, it can be used to quantify autophagosomes using 

fluorescence microscopy du Toit, Hofmeyr et al. (2018). Other variants of Atg16l1 (ATG16L1 

rs4663402) are used as a prognostic marker for hepatocellular carcinoma (HCC) Shen and Lin 

(2019).  

Autophagy-related protein Mitochondrial activated light chain   LC3 A & B Protein 

Complex appears on the surface of mature autophagosomes, under starvation and nutrient 

depletion. Mature autophagosomes Kimura, Noda et al. (2008) fuses with lysosomes to degrade 

autophagosomal contents. The lysosomal proteins VAMP7 is required for optimal phagocytosis of 

opsonized particles by RAW264.7 macrophages cell line Braun, Fraisier et al. (2004) &Huynh, 

Kay et al. (2007). Interestingly, Vamp7 mediates the cytotoxic granule release from human 

cytotoxic T cells. Knocking down VAMP7 significantly inhibited T cells' killing efficiency 

Chitirala, Ravichandran et al. (2019) 
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FIGURE 2. GRAPHICAL ILLUSTRATION FOR THE DIFFERENT ISOFORMS OF 

ATG16L1.  

N-terminal of wd40 domain is important for interaction with atg5-atg12 complex. (Designed by 

Authors using Biorender.com).  
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FIGURE 3.  REPRESENTATION OF FUSION OF LYSOSOMAL VAMP7 / SNARE 

PROTEINS WITH ATG16L1 PRECURSOR.  

Moving towards the phagophore (pre-auto phagosome) formation and Lc3 autophagosome 

maturation. Finally, the fusion of lysosome with autophagosome to form the proteolytic 

autolysosome vesicle. (Designed by Authors using Biorender.com). 

 

AUTOPHAGY IN INFLAMMATION: 

Autophagy and inflammation are interdependent pathways. Autophagy regulates pro-

inflammatory cytokines and chemokines. Atg16L1 is a target for Mir223, and it increased in 

Mir223 deficient mice Li, Zhou et al. (2019). The development of Crohn's disease is associated 
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with a polymorphism in numerous autophagy-related genes such as; ULK1, Immunity-Related 

GTPase  M (IRGM), Atg2a, Atg4a, and Atg4d Harris (2013). 

Autophagy regulates the secretion of pro-inflammatory cytokines, IL-1β Iula, Keitelman et al. 

(2018) and also regulates IL-23 Peral de Castro, Jones et al. (2012). It also acts as an 

inflammasome modulator for IL-18, IL-6, and IL-1α Harris (2013). Mice lacking the autophagy 

protein Atg5 in myeloid cells secrete higher levels of IL-1α, IL-12p70, CXCL1, and IL-17 in 

response to infection with Mycobacterium tuberculosis Peral de Castro, Jones et al. (2012). 

Cytokines like Type-II interferon-gamma INF-γ play a dual role as a pro-inflammatory and 

inflammatory cytokine Mühl and Pfeilschifter (2003). INF-γ is an important immune modulator 

and macrophages stimulator, increasing the expression of IL-6 in monocytes Biondillo, Konicek 

et al. (1994). In human hepatocellular carcinoma cell lines, INF- γ induced autophagy via 

increasing the autophagosome formation and the turnover of LC3-II protein through IFR-1 

(interferon regulatory factor -1) signaling pathway Li, Du et al. (2012). INF- γ also mediates the 

up-regulation of STAT1, STAT2 in human peripheral blood mononuclear cells and macrophages 

Lehtonen, Matikainen et al. (1997).  

MACROPHAGE (M1 & M2) POLARIZATION 

Macrophages are several families of immuno-inflammatory hematopoietic cells that mediate 

phagocytosis and are activated by inflammatory processes Perdiguero and Geissmann (2016). 

According to their polarization state, inflammatory macrophages are classified into pro-

inflammatory M1 macrophages and inflammatory M2 macrophages Italiani and Boraschi (2014). 

Polarization is the process that enables macrophages to adapt to different signaling and different 

functions, e.g., innate immunity, tissue repair, and embryonic development Shapouri-

Moghaddam, Mohammadian et al. (2018).  
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In vitro, murine derived bone marrow monocytes and dendritic cells were polarized into M1 

macrophage via LPS, INF-γ, and MCSF. M1 phenotype express CD68 cell surface marker 

and produces cytokines such as; tumor necrosis factor TNF, IL-12, IL-18, IL-23, IL-1β, and 

IL-6 Martinez and Gordon (2014) & Bogdan (2015). Macrophages M2 polarization is 

initiated by infection and growth factor signaling such as; IL-4, IL-13, IL-10, TGF-β 

Martinez and Gordon (2014). M2 phenotype shows increased secretion of cytokines; IL6, 

IL-10, TGF-beta according to the M2 subset (Table 1).  

 

IL-6 receptor protein complex is a pro-inflammatory cytokine produced by fibroblasts, T cells, 

endothelial cells, Keratinocytes, lymphocytes, and macrophages. It is encoded by the IL6 gene and 

consists of IL-6 receptor subunit (IL-6R) and IL-6 signal transducer glycoprotein 130 (gp130). 

Signal transducer and activator of transcription 3 (STAT3) is one of the critical components for 

IL-6 receptor signaling. IL-6 induces the production of C-reactive protein, which can induce an 

inflammatory M1 phenotype in macrophages Del Giudice and Gangestad (2018). 

Previous studies reported in vitro polarization of macrophages with lipopolysaccharide and IL4 

and showed high levels of IL6 in the M2 phase only Yin, Ma et al. (2018). The inhibition of the 

IL6/STAT3 pathway with Anti –IL6 treatment caused M2 to change into M1 type. 
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Table 1. Macrophage M1 and M2 polarization and their subsets.  

Growth factors for stimulation, cytokine secretion, and cell surface markers expression in each 

subset. Also, their function, especially in tissue remodeling and inflammation process.  

 

THE IMPLICATION OF AUTOPHAGY IN MACROPHAGES POLARIZATION  

M1 Macrophage polarization is induced by Interferon Gamma (IFN-γ) / lipopolysaccharide (LPS) 

to stimulate the secretion of pro-inflammatory cytokines. Conversely, M2 macrophage 

polarization is induced by IL4 and or IL-13. Stimulation of macrophages with IL-4 and IL-13 leads 

to activation of the transcription factor STAT6, which is crucial for M2 polarization. Mammalian 

target of rapamycin mTOR kinase is a master regulatory protein for autophagy, critical in 
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regulating monocyte polarization into tumor activated macrophages M1 and M2. In LPS-

stimulated monocytes, inhibition of the mTOR pathway by rapamycin leads to polarization toward 

the M1 phenotype. In contrast, activation of this pathway by knockdown of the MTOR repressor 

TSC2 (tuberous sclerosis 2) exerts the opposite effect. 

 Several studies reported that IL6/STAT3 signaling pathway as a potent mTOR activator Pinno, 

Bongartz et al. (2016) & Kim, Jhun et al. (2014). siRNA knockdown of Atg7 -/- mice inhibited 

autophagy and resulted in ULK1 inhibition and the activation of colony-stimulating factor-1 (CSF 

-1 or MCSF), which is involved in macrophage polarization M1 –M2  Jacquel, Obba et al. (2012). 

MCSF triggered the phosphorylation of ULK1 in primary monocytes Boulakirba, Pfeifer et al. 

(2018), and activated ERK1/2 stimulation. MCSF was also found to regulate LC3 Autophagy 

marker Mancino and Lawrence (2010) 
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II- HYPOTHESIS:  

  

 

 

FIGURE 4 OUR STUDY HYPOTHESIS; AUTOPHAGIC REPROGRAMMING OF 

MACROPHAGES POLARIZATION IN PHAGOCYTOSIS. 

(DESIGNED BY AUTHORS USING BIORENDER.COM) 

Our Hypothesis is studying how autophagy reprograms the macrophages activation or polarization 

during phagocytosis.  
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III- AIMS OF THE CURRENT STUDY:  

 

1- Identification of the candidate proteins involved in the interplay between Autophagy and 

Macrophages polarization using a systems biology approach. 

2- Isolation of Bone Marrow-Derived Macrophages from Female C57B/6J mice 

3- Experimental validation the protein targets that mediate the interplay between Autophagy 

and Macrophages Polarization.  
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METHODS:  

SYSTEMS BIOLOGY APPROACH (IN SILICO ANALYSIS) OF AUTOPHAGY-RELATED 

GENES  

 

AUTOPHAGY RELATED GENES 

A total of 249 autophagy-related genes directly or indirectly involved in autophagy were obtained 

from the public Human Autophagy Database (HADb) and verified from the HCGN Klionsky, 

Cregg et al. (2003). A protein-protein interaction network was constructed using STRING V11 

online interface Szklarczyk, Gable et al. (2019). The produced protein Networks Data were 

integrated, verified, and visualized using Cytoscape 3.8.2 software Shannon, Markiel et al. 

(2003). Moreover, the 249 Autophagy Associated proteins clustered using the “Molecular 

Complex Detection” MCODE algorithm a Cytoscape plugin Bader and Hogue (2003). MCODE 

clustering resulted in 7 clusters. Two clusters with the highest scores were picked to form a new 

hub gene of 75 genes list. Gene Ontology terms (GO) and pathway enrichment analyses were 

carried out for the 24 hub genes list using the Clue Go Cytoscape plugin Bindea, Mlecnik et al. 

(2009).  

 

MACROPHAGES DIFFERENTIALLY EXPRESSED GENES  

Two raw Microarray datasets for screening differentially expressed genes (DEGs) associated with 

macrophages M1, M2 phase's polarization were obtained from the Gene expression omnibus 

database GEO of the National Center for Biotechnology Information under accession number 

GSE81922 obtained from Jiang, Li et al. (2017)& GSE69607  obtained from Jablonski, Amici 

et al. (2015) . Preprocessing and data quality control was performed using limma package 3.26.8. 

R studio Ritchie, Phipson et al. (2015) and Gene Expression Omnibus 2 Repository (GEO2R) 

open-source code. The data normalization and log -2 transformations were recalculated using 

limma package default parameters based on the threshold of fold-change > 2.0 and P-value < 0.05 

for the raw data. Adjusted p-value was performed with the default parameter in the limma package 

using False discovery rate (FDR < 0.05) Glickman, Rao et al. (2014).  
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The top 250 highly expressed genes in M1 and M2 polarization were selected as the DEGs list for 

M1 and M2a polarization. Functional annotation and pathway enrichment analysis of the M1 & 

M2 DEGs list was performed using the Clue Go plugin Cytoscape 3.6. The enriched pathways 

appeared according to their significance p-value < 0.05 using Enrichment/depletion two-sided 

hypergeometric test Rivals, Personnaz et al. (2007), using Bonferroni step down test to show the 

highest significance in the enrichment network. 

 

The DEGs list of M1 and M2a curated from GSE81922 and GSE69607 Microarray Data were 

then used as protein input for STRING 11.V to construct a protein-protein interaction network. 

The parameters of prediction were set after removing the test mining to reduce the error in 

prediction. The confidence interval was set to high confidence (0.7). The top DEGs were clustered 

using the MCODE algorithm plugin on Cytoscape to extract the Hubs in the network. Clustering 

resulted in finding 18 Hub genes. 

 

COMMON TRANSCRIPTION FACTORS PREDICTION 

In-silico prediction was performed to obtain the common regulon and transcription binding motifs 

that regulate both autophagy genes (24 genes) and M1, M2 polarization DEGs list (18 genes). The 

I-regulon Janky, Verfaillie et al. (2014) Cytoscape 3.8.2 plugin was used for this prediction, 

using the default parameters with a maximum false discovery rate (FDR) on motif similarity of 

0.001.  Prediction via I regulon resulted in 12 Gene regulatory transcriptional networks. Which 

then were manually verified using TRANSFAC and JASPAR databases. 

 

REGULATORY MIRNAS PREDICTION FOR GENE-TRANSCRIPTION 

Three databases, Target scan Mouse 7.1 Agarwal, Bell et al. (2015), miRBase Lewis, Shih et al. 

(2003), and Network Analyst Zhou, Soufan et al. (2019), were studied to predict the common 

regulating upstream miRNAs that link between autophagy and macrophage polarization. We found 

8 predicted miRNAs to have a common link between Autophagy and Macrophages Polarization 

in the Phagocytosis process.  
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FIGURE 5. REPRESENTATION OF SYSTEMS BIOLOGY APPROACH 

 was performed on 249 autophagy-related genes (ATGs) retrieved from the public autophagy 

database HADb and gene expression data retrieved from Gene Expression Omnibus (GEO); 

GSE81922 & GSE69607 microarray data macrophages polarization 250 genes (DEGs). For both 

ATGs and DEGs gene sets; an integrated protein-protein interaction network was constructed, go 

terms pathway enrichment analysis was performed. Finally, common transcription factors and 

enriched miRNAs were predicted.  (Designed by The Authors Using Biorender.Com). 
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ISOLATION AND CHARACTERIZATION OF BONE MARROW-DERIVED MONOCYTES 

 

MONOCYTES ISOLATION 

Female C57B/6J mice were obtained from Theodore Bilharz Research Institute (TBRI, Giza, 

Egypt). All experiments were performed in compliance with the national institute of health (NIH) 

guidelines for the Care and Use of Laboratory Animals. Mice were euthanized by an overdose of 

Ketamine Xylazine followed by cervical dislocation. The femur and tibia were removed and rinsed 

in ethanol 70% for 5 minutes, followed by Phosphate Buffered Saline (PBS) 1X, 6.7 mM PO4, 

without Calcium and Magnesium. The tibia and femur were then rinsed in Dulbecco's Modified 

Eagle Medium: F12, DMEM: F12 with HEPES (25mM), 1:1 mixture with 3.151 g/L glucose, with 

L-Glutamine (Lonza, Basil, Switzerland) for 10 minutes. The bones were flushed with 1x PBS 

over a 70 µm Cell Strainer (Greiner, Kremsmünster, Austria).  

The cell suspension was lysed with Ammonium –Chloride- Potassium Lysing Buffer Saline 1x.  

(Lonza, Basil, Switzerland) for 5 minutes to eliminate Red Blood Cells and Thrombocytes 

contamination. Following the lysis, the cell suspension was centrifuged for 5 minutes at 500 g. 

The cells were re-suspended in lymphocyte separation medium (Lonza Basil, Switzerland) 

combined with DMEMF-12 Complete Medium (DMEMF-12+10% FBS+1% Penicillin and 

streptomycin) and centrifuged at 500 g for 10 minutes. The cell suspension was collected, counted, 

and seeded at a density of 300,000 cell/well in 12 well plates (Greiner, Kremsmünster, Austria), 

and incubated for 72 hr., at 37o C, 5% CO2. 

M1-M2A LINEAGE POLARIZATION 

Monocytes were maintained in complete DMEMF-12 medium (DMEMF-12 + 20% L929 

Conditioned Medium + 10% FBS + 1% Penicillin, Streptomycin). Mouse skin Fibroblast Cell line 

L929 was used as a source for Monocyte Colony Stimulating Factor M-CSF for alternative 

activation of bone marrow-derived macrophages as previously reported by Gordon and Martinez 

(2010).  

Five days after isolation, monocytes reached M0 or Naive Macrophage lineage. M0 were polarized 

to M1 by 1250 IU/ml Type II Interferon Gamma (INF γ, Stem Cell Technologies, Cambridge 

Research Park, United Kingdom), or M2a by 2500 IU/ml Interleukin - 4 (IL-4, Cambridge 

Research Park, United Kingdom) in combination with 10 ng/ml Lipopolysaccharide (LPS) from 
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Escherichia coli (Thermofisher Scientific, Waltham, Massachusetts, USA) for 48 hrs. as 

previously reported by Zhang, Goncalves et al. (2008). By day 7, cells were polarized to reach 

activated M1 or M2a lineage for further experimental use.  

AUTOPHAGY INHIBITION / INDUCTION IN POLARIZED MACROPHAGES 

For autophagy inhibition, 200 n.M Bafilomycin A 1 (Cell signaling Technologies, Danvers, 

Massachusetts, USA) was added for M0 φ, M1 φ and M2a φ Lineages for 18 hrs. Goeritzer, Vujic 

et al. (2015). To induce Autophagy, M0 φ were treated with Earle’s Balanced Salt Medium (Lonza, 

Basil, Switzerland) for 16 hrs. Min, Xu et al. (2013) 

CELL VIABILITY AND CYTOTOXICITY ASSAY 

Macrophages were seeded in 96 well plates (10000 cell /well). MTT tetrazolium reduction assay 

was performed as previously reported Kumar, Nagarajan et al. (2018). In summary, following 

3 hrs. incubation with MTT reagent, the media were removed, and DMSO was added to dissolve 

the formazan crystals. The cells were examined using an inverted microscope (Olympus 1X70, 

Tokyo, Japan), and absorbance was measured at 570 nm using a microplate reader (Ultrospec 3100 

pro). Cell viability (%) was calculated based on the following equation:  

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 % = (Ab 𝑠𝑎𝑚𝑝𝑙𝑒−𝐴b b𝑙𝑎𝑛𝑘) / (𝐴b 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴b 𝑏𝑙𝑎𝑛𝑘) X 100 

Where Ab sample is the sample absorbance, Ab blank is the absorbance of blank, and Ab control 

is the absorbance of the control.  

AUTOPHAGY ASSAY 

At day 5, Macrophages M0 were seeded at 96 well plates at seeding density 10000 cell /well for 

48 hrs. Autophagy assay was performed according to the manufacturer’s instruction (MAK138 

fluorometric assay kit, Sigma Aldrich, Saint Louis, Missouri, USA). The media was removed and 

autophagosome detection reagent was added and incubated in the dark for 1 hr. at 37oC and 5% 

CO2. Cells were washed gently by adding 100 ul washing buffer, and the fluorescence intensity 

was measured at (λex = 360/λ em = 520 nm).  
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FIGURE 6. ISOLATION PROTOCOL FOR MURINE BONE MARROW-DERIVED 

MACROPHAGES. 

 

Monocytes were collected from the femur and tibia of female mice C57B/6J. The initiation phase 

is from day 0 to day 3. Induction phase day 3 to day 5, to reach activated M0 macrophage. The 

polarization phase from day 5 to day 7 to reach either M1 or M2a lineage. Cell senescence usually 

starts by day 15. (Designed by Authors using Biorender.com) 
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PHAGOCYTOSIS ASSAY 

Macrophage M0 φ at day 5 were seeded at 96 well plate at seeding density 1000,0 cell /well to 

contain a final volume 100 ul /well primed for 48 hrs. to M1 φ and M2a φ lineage as previously 

mentioned. cells were stained with MAK 138 auto phagosome detection reagent as mentioned 

earlier. Escherichia Coli. Top ten strain was grown as previously mentioned. E. coli Top 10 

bacteria were grown in LB broth liquid (Purchased (Thermofisher scientific, Waltham, 

Massachusetts, USA) were added to the cells. Cells were stained with 1 ug/ml (4',6-Diamidino-2-

phenylindole·2HCl) DAPI stain ((Lonza, Basil, Switzerland)), and examined under fluorescent 

microscopy (Leica microsystem inverted fluorescent microscope, Germany). The number of 

phagocytic events were counted for each condition.  

EARLY APOPTOSIS DETECTION 

Macrophages were primed to M1 and M2a as previously described. Neuroblastoma cell line SH-

SY5Y were cultured in conditioned media from Macrophages M0, M1 and M2a for 24hrs. Cells 

were fixed with 4% PFA and permeabilized for 10 minutes with 0.3% triton 100x. Cells were 

washed and stained with DAPI, and mounted on slides. Cells were examined under the microscope 

(Leica microsystem inverted fluorescent microscope, Germany). Cells treated with cisplatin 20 

ng/ml were used as a positive control. 

IMMUNE FLUORESCENT STAINING  

Macrophages were fixed with 4% PFA for 10 minutes and washed with PBS. Cells were blocked 

and permeabilized with blocking buffer (5%BSA, 0.3% Triton 100X in PBS 1x) for 1 hr. Cells 

were incubated overnight at 4o C in the dark with the following primary antibodies: Rabbit Mab 

LC3B (1:200), Rabbit Mab Atg16L1 (1:100), Rabbit Mab Smad1 (1:200), Rabbit Mab Atg7 

(1:200), and Rabbit Mab IL6 (1:200) (Cell signaling Technologies, Danvers, Massachusetts, 

USA).  Cells were later incubated with Anti-Rabbit Mab polyclonal secondary antibody for 2 hrs. 

(Alexa flour 488, 1:500), followed by washing and DAPI counterstaining for 10 minutes. Cells 

were examined under a fluorescence microscope (Leica microsystem fluorescent microscope, 

Germany). For confocal microscopy, a Leica Microsystems Laser confocal microscope was used. 

Images were deconvoluted using Carl Zeiss Zen blue 12 (Carl Zeiss, USA) software and Z-Stacks 

were 3D reconstructed. Using ICY software de Chaumont, Dallongeville et al. (2012). 
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To detect intracellular trafficking of Atg7, Atg16l1, and LC3B inside the cytoplasmic or nuclear 

compartment, an automated spot detector plugin SICE as described by Bayle, Platre et al. (2017). 

Images were taken by a fluorescent microscope (Leica microsystem, Germany) and imported to 

ImageJ software ®. A minimum of 8 images were counted for each condition.  

FLOW CYTOMETRY 

Macrophages were collected and washed with 0.5% FBS in 1x PBS and centrifuged at 350g for 5 

minutes. Cells were stained with mouse-specific antibody conjugate eflour660 CD68 and Alexa 

488 conjugated Arginase- 1 (eBioscience, United States), for 30 minutes and washed with 1x PBS. 

Unstained samples M0, M1, M2a were used as a negative control. Samples were measured and 

gated on a flow cytometer (CytoFlex, Beckman Coulter united states, at Immunology unit, 

Children’s Cancer Hospital, Egypt 57357) using two filters, for CD 68 at APC (660 nm) and for 

Arginase- 1 at FITC (488 nm).  

RNA EXTRACTION AND CDNA SYNTHESIS 

M0, M1 and M2a cells were harvested at day 7 and day 14. RNA was isolated as described 

previously. using TRIZOL reagent (Invitrogen. United States). Isolated RNA yield was checked 

for integrity and purity (Multiplate Reader, Sigma Aldrich, Germany). A total of 0.5 µg/ul RNA 

was used for each sample and control to produce 0.5 µg/ul cDNA template using cDNA synthesis 

kit (Revert Aid First Strand cDNA, Thermofisher Scientific, United States)  

QUANTITATIVE REAL-TIME -PCR  

The polymerase chain reaction was performed using (Real-Time quantitative PCR machine 7500, 

Applied Biosystems, United States). In summary, cDNA template was used at a concentration of 

0.5 ug/ul and a total of 10 ul reaction volume by using a one-step qPCR Master Mix (HERA SYBR 

Green kit, Willow fort, United Kingdom). Each sample was normalized to GAPDH as endogenous 

housekeeping control, and M0 lineage was used as normal control. Quantification of the target 

mRNA was normalized according to the delta-delta Ct (ΔΔCt) method and the expression fold 

change (2-ΔΔCt) using GAPDH as reference. Table 2 shows the primers that were used in RT-

qPCR. 
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Table 2. Forward & Reverse Primers Used in This Study  

Gene  F-primer 

5’-3’  

R-Primer 

5’-3’ 

Reference  

Atg16L1 -1  

 

TCTTCTGATGCTGC

CAGGAGAC 

TGCACTGCGTTGACC

TCTC 

Primer Plus Predicted 

Atg16l1-3  

 

TGCAGAAGCAGCAA

AGGAACC 

GACAGAGCGTCTCGT

AGCTG 

Primer Plus Predicted 

SMAD1  

 

GTGTATGAACTCAC

CAAAATGTGC 

TAACATCCTGCCGGT

GGTATTC 

Marks-Bluth, Khanna et 

al. (2015) 

GAPDH  

 

CTCCCACTCTTCCA

CCTTCG 

GCCTCTCTTGCTCAG

TGTCC 

Choi, Jeong et al. (2019) 

VAMP7 

 

TGGCTGCACAACTG

AAGCAT 

GCAATTCCAACCTTTC

TCCACG 

Primer Plus Predicted 

Atg7 AGCAGTGATGACCG

CATGAA 

TCAGCAGCTTGGGTC

TCTTG 

Park, Ou et al. (2016) 

Lc3A TTGGTCAAGATCAT

CCGGC 

GCTCACCATGCTGTG

CTGG 

Scherz-Shouval, 

Weidberg et al. (2010) 

Lc3B 

 

CCCACCAAGATCCC

AGTGAT 

CCAGGAACTTGGTCT

TGTCCA 

Scherz-Shouval, 

Weidberg et al. (2010) 
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CHAPTER III: RESULTS 

 

 

 

 

Figure 7: The experimental workflow. 

A systems biology approach was performed to find the interplay between autophagy related genes 

(Atgs) & Differentially expressed genes of Macrophage Polarization M1-M2 (DEGs) (step 1), 

followed by common pathway enrichment and construction of transcription factors and mi-RNAs 

regulatory networks (step 2). The Atgs and DEGs targets that mediate the interplay between 

autophagy and macrophage polarization were defined ( step 3), and experimental validation for 

targets took place (step 4). Bone marrow-derived monocytes were isolated from the femur and 

tibia of female mice (step 5). After differentiation of monocytes to M0, M1, and M2a, the lineage 

phenotypes were characterized using flow cytometry (step). Afterward, we validated the targets of 

Smad1, LC3A&B, Atg16L1, Atg7, IL6, CD68, Arg-1, and Vamp7 (Steps 7, 8, 9, and 10). Finally, 

we investigated the impact of autophagy inhibition on all immune lineages using autophagy 

inhibitor  Bafilomycin-A (step 11).   
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1- Systems Biology Approach  

Autophagy and macrophage polarization are complex biological processes. We used a Network-

based systems biology approach to model the interplay between these complex signaling pathways. 

The analysis of the different databases identified common significantly enriched pathways, 

common regulatory transcription factors, and upstream miRNAs that co-regulate both 

transcription factors and Atgs & M1-M2-DEGS.  

Genetic regulatory networks. 

The protein-protein interaction network of autophagy-related genes in mice was constructed by 

STRING V11 online interface (Szklarczyk, Gable et al. (2019)). The number of nodes was 221, 

the number of edges was 638, the average node degree is 5.7, and the average local clustering 

coefficient was 0.42 with a protein-protein interaction enrichment p-value < 1.0 e-16 (figure 8).  

The network was visualized using the String plugin in Cytoscape 3.8.2 software (Doncheva, 

Morris et al. (2019), and the network was clustered using the MCODE algorithm plugin to find 

the highly connected genes in this network. A total of 7 clusters (figure 9) ranked from the highest 

score to the least score. Networks with the highest two scores were selected for pathway 

enrichment with Clue Go. The highly significant pathways were; Cellular response to nitrogen 

starvation, Apelin signaling pathway, selective autophagy, and autophagosome assembly (figure 

10).   
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Protein-Protein Interaction Network Construction Autophagy Related Genes 

 

Figure 8. Protein-Protein interaction  

Autophagy associated proteins were entered as protein list on STRINGVI software then. STRING 

predicted the interaction between these proteins forming a protein-protein interaction network 

where thick lines mean strong interactions. Red nodes query proteins and the first shell of 

interactors. The significance of this network is (p-value < 1.0e-16). Here significance means the 

confidence degree of interactions presented in the network.  
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MCode Algorithm clustering for Hub Genes 

A B 

C 

D                                               

 

E 

F 

 

G 
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Figure 9. Autophagy gene set & highly connected gene clusters. 

Using the MCODE algorithm clustering plugin, 7 clusters were generated. A) cluster 1 contained 

15 genes with a score of 14.7 and BECN1 hub gene. B) Cluster 2 score of 8.22 and AMBRA1 hub 

gene. C) Cluster 3 score of 4.087 and EGFR hub gene. D) cluster 4 score 3 and RELA hub gene. 

E) Cluster 5 score of 3 and DNAJB1. F) Cluster 6 score of 3 and MYC hub gene) cluster 7, score 

3, and MAPK 9 hub gene. The importance of clustering is sorting the hub proteins in the protein-

protein interaction network. Hub proteins are the most proteins that have interactions (binding 

sites) for non -hub proteins.  
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Biological Process GO terms Enrichment: 

 

Figure 10. Significantly enriched biological process in the autophagy-related proteins.  

Biological processes visualized the significance in terms of node size and log10 p-value as 

autophagy, lipoprotein metabolic process, cellular response to nitrogen levels, and autophagosome 

assembly are the highly significant biological process. The autophagosome assembly biological 

process significance indicates the importance of proteins responsible for autophagosome assembly 

such as; Atg16L1, LC3A&B, and Atg7 in this process.   
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Pathway Enrichment Analysis 

Figure 11. Autophagy Related Proteins.  

The Cluego plot showed the significant functional go terms from KEGG pathways. Significance 

in terms of p-value < 0.05 and node size and nodes are linked according to their kappa score level 

(≥ 0.3). Autophagy, IL7 signaling pathway, FOXO signaling pathway, NOD-like receptor 

signaling pathway, HIF-1 signaling pathway, and NF-Kappa B signaling pathway.  
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Figure 12. Pie chart for functional groups in Clue-go enrichment. 

Pie chart showing the percentage of the most significant pathways in the autophagy proteins set. 

8.7% of the proteins were enriched in the NOD-like receptor signaling pathway. This result refers 

to the interplay between autophagy-related proteins and NOD-like receptor pathway. The NOD-

like receptor pathway is a key regulator for immune responses.  

 

M1-M2 Macrophages Polarization Networks 

A protein-protein interaction network generated by string interface for the macrophages M1 –M2 

gene set of 250 DEGs from GSE69607& GSE81922 the resulted network (figure 13). The 

number of nodes is 218, the number of edges is 160, and the average node degree is 1.47. The 

Average local clustering coefficient was 0.304, and PPI enrichment p-value: 1.03e-14. 
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                Red nodes query proteins and the first shell of interactors 

 

Figure 13. String protein-protein interaction network of M1-M2 polarization.  

250 DEGs gene set, the thick lines between nodes based on their evidence of interaction and 

significant interaction. Number of nodes: 218, number of edges: 160, average node degree: 1.47, 

avg. local clustering coefficient: 0.304, significance in terms of protein-protein interaction 

enrichment p-value <0.01(1.03e-14) with confidence of 0.4. Here significance means the 

confidence degree of interactions presented in the network. 

GO terms Cellular process enrichment significance  

The 6 clusters generated from MCODE clustering were then analyzed for GO term pathway 

enrichment. The significant processes include tissue remodeling, response to interleukin -4, 

response to interleukin –1, positive regulation of NF-Kappa transcription factor activity, and aging 

(figure 14).  
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Figure 14. Significant cellular process in M1 and M2 DEGs.  

The significance of corrected p-value includes tissue remodeling, response to interleukin -4, 

response to interleukin –1, positive regulation of NF-Kappa transcription factor activity, and 

aging.  
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Figure 15. MCODE clustering plot of M1 &M2 DEGs  

The highly connected genes clustered with MCODE algorithm plugin – Cytoscape. Six clusters 

with 6 hub genes were identified by the MCODE clustering algorithm as following; A) Cluster 1 

with a score of 7 and CXCL3 hub gene. B) Cluster 2 with a score of 4 and ATP6V1B2 hub gene. 

C) Cluster 3 with a score of 3.5 and MITF hub gene. D) Cluster 4 with a score of 3.33, IFG1 is 

hub gene. E) Cluster 5 with a score of 3, and IRAK2 as a hub gene. F) Cluster 6 with a score of 3, 

and LPIN2 as a hub gene.  
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MCODE Clustering Algorithm 

The top 250 gene set of DEGs genes were Clustered by the MCODE Clustering algorithm to define 

the areas in the network that have the highest interaction. And also to define the gene hubs in the 

generated 6 clusters and 6 hub genes identified (Figure 15).  Clusters were identified with CXCL3, 

ATP6V1B2, MITF, IFG1, IRAK2, and LPIN2 as hub genes. The importance of clustering is 

sorting the hub proteins in the protein-protein interaction network. Hub proteins are the most 

proteins that have interactions (binding sites) for non -hub proteins. Hub proteins such as CXCL3 

and IRAK2 have a role in innate immunity in addition to their role in macrophage polarization. 

 

Pathway Enrichment Analysis 

KEGG pathway enrichment (P-value is <0.05) involved pathways such as; regulation of wound 

healing, IL7 signaling pathway, TNF signaling pathway, keratinocyte migration, and FOXO 

signaling pathway. 
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Figure 16. Clue Go pathway enrichment graph. 

 

Highly enriched pathways in M1 & M2 Polarization. 6 

Clusters were significant in terms of node size (brown nodes 

are highly significant). Also, KEGG pathway enrichment (P-

value is <0.05) involved pathways such as; regulation of 

wound healing, IL7 signaling pathway, TNF signaling 

pathway, keratinocyte migration, and FOXO signaling 

pathway. 
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2- Transcription Binding Networks and pathways Enrichment Analysis. 

  

NF kappa, FOXO, HIF1, NOD-like receptor, and IL17 signaling pathways were significantly 

enriched , and common pathways between Atgs and DEGs: 

Transcription binding motifs or Transcription factor (TF) regulatory networks aim for better 

mapping of complex biological processes such as the interplay between macroautophagy and M1 

& M2 polarization. Our model shows that TF-miRNA mediated Atgs and DEGs gene regulation. 

It is also essential to identify the pathways enrichment for TF; consequently, upon looking for GO 

terms pathways enrichment analysis, we found common significantly enriched pathways among 

autophagy and M1-M2 Go terms. GO terms showed NF kappa, FOXO, HIF1, NOD-like receptor, 

and IL17 signaling pathways (figure 14 & 16).  

LC3A & B and Atg7 proteins are autophagy-related proteins that are also enriched in 

autophagosome assembly (figure 9). Also, figure 16 showed enriched Atg16l1 related pathways 

and autophagosome assembly pathway. We previously mentioned that Atg16L1 is an autophagy-

related protein and has a role in autophagosome assembly. Interestingly, we found a related 

pathway in the autophagy associated proteins enriched in Macrophages Polarization DEGs Set. 

This refers to the link between autophagy and macrophage polarization. 

 

IL6, MAP1LC3A, B, Atg16L1, and Atg7 represent potential candidate genes for 

macroautophagy induced Macrophage polarization 

Our model revealed the interplay between two major complex biological processes such as; 

Autophagy and macrophage polarization. For instance, the Fork Head of box -1 FOXO 1 

Transcription factor is a key regulator in the wound healing process and common regulator for 

IL6, MAP1LC3B, Atg16L1 (figure (18).  In our model, the FOXO1 transcription factor signaling 

pathway showed high significance in terms of pathway enrichment (figure 14).  
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Common Transcription Factors Regulatory Networks for both   Autophagy Associated Gene 

and M1-M2 DEGs Clusters 

Figure (18 & 19) explained transcription binding motifs (MLXIPL, HOMEZ, RELA, SMAD1, 

and STAT4) predicted by I-regulon a Cytoscape plugin. We noted that Atg16L1, MAP1LC3A&B, 

IL6, and Atg7 were the most abundant genes in the 12 predicted transcriptional factor regulatory 

networks. 

 

 

 

 

Figure 17. Pie Chart of functional groups and their corresponding percentage. 

The figure shows the most significantly enriched pathways as follows; 2.8%** Dissociation of 

BRAF/RAF fusion Complex, LC3 binds ATG7 dimer 4.2%**.  
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Figure 18. I regulon plugin – Cytoscape predicted common transcription factors. 

 

Predicted common transcription factors that regulate both Autophagy genes clusters and M1 & M2 

polarization genes 6 clusters. The transcription factors are shown in green, and downstream target 

genes are shown in pink. Homez (A), MLXipl (B), Mycs (C), Rel (D), Smad1 (E), and Stat4 (F) 

transcription factors are common transcription factors that regulate both autophagy and M1 & M2 

polarization genes.  
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A 

B 

C 
D 

E F 

 

Figure 19. I-regulon plugin – Cytoscape predicted common transcription factors. 

 

The transcription factors are shown in green, and downstream target genes are shown in pink. Atf7 

(A), Cebpg (B), Elk1 (C), Elk3 (D), Foxa2 (E), and Gabpa (F) transcription factors regulate 

common transcription factors that regulate both autophagy and M1 & M2 polarization genes.  
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3- Predicted miRNAs and their Gene-Transcription Factor Networks  

 

We predicted a new correlation between mmu-miRNAs and their downstream targets through 

transcriptional network construction, such as mir-149-5p and smad1 transcription factor (Table 

3). We also predicted a complete network for mmu-mir124-5p downstream targets of transcription 

factors; Atf7, Stat3, Rel and Elk3, and Mitf, Wipi2, Ulk2 Atgs & DEGs, respectively. Also, we 

predicted that mi-9-5p to regulate the downstream targets FOXO1 transcription factor and 

autophagy associated genes ULK and Atg14. mmu-mir-340-5p has predicted transcriptional 

network of Gabpa, Mycs, Rb1cc1, Map3k2, Hif1a, CXCL5, and Atp6voc.  The network of mmu-

mir-362-3p includes transcriptional factors MILXipI, ELK1 and CXCL5, Atg10, MAP1LC3B, and 

ATP6V1D. Finally, mmu-mir-329-3p transcriptional factors are MILXipI, ELK1and FOXO1, 

Atg10, CXCL5, and Hif3a. (figure 20). 

Finally, the systems biology approach revealed that Atg7, Atg16l1 serve as a center protein for 

several signaling pathways enriched in autophagy, polarization, and phagocytosis of macrophages. 

Also, during the inflammatory response, NOD-like receptor NOD1 and NOD2 (figure 20) might 

be potential targets in Macrophages polarization. Nevertheless, more experimental validation is 

needed regarding the candidate predicted targets; Atg16L1, Atg7, MAP1LC3A, MAP1LC3B, IL6, 

ARG1, CD68, SMAD1and VAMP7 (figure 21, 22). 
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Table 3. Summary of both upstream and downstream mi-RNAs and their downstream 

targets. 

 

Predicted miRNA Down Stream 

Transcription Factor  

Down Stream Autophagy and M1&M2 

Genes  

mmu-mir-26a-5p Smad1,   Cebpg ULK1, ULK2, MAPK6 

mmu-mir-149-5p Smad1 New predicted Finding  

mmu-mir-124-3p Atf7, Rela, ELK3, 

Stat3 

Mitf, Wipi2, Ulk2 

mmu-mir-9-5p Foxo1 ULK2, Atg14 

mmu-mir-340-5p 

  

Gabpa, Mycs Rb1cc1, Map3k2, Atp6v0c, Hif1a, 

CXCL5 

mmu-mir-362-3p 

 

MLXipl, ELK1 CXCL5, Atg10, MAP1LC3B, ATP6V1D 

mmu-mir-329-3p 

 

MLXipl, Foxo1, 

Elk1 

Atg10, CXCL5, Hif3a, ATP6V1D, 

MAP1lc3b (LC3-B)  

mmu-mir-17-p5 ELK3 Atg16L1, Rb1cc1, ULK1, MAPK4, Atg2b 

Hif1a, il6ra, Atg7 
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Figure 20.  NOD signaling pathway and IL17 signaling pathway 

 

Representation of the interaction between autophagy associated genes using Cytoscape 3.8.  

Atg16l1, Atg10, and Macrophages polarization Degs; IL6, CXCL5 through NOD signaling and 

IL17 signaling pathways. mmu-mir362-3p is a hub for negative regulation of Elk1 transcription 

factors Atg10 and CXCL5.  
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Figure 21.  FOXO signaling pathways and IL17 signaling pathway 

 

Cytoscape 3.8 representation for the interaction between autophagy associated genes Atg16l1, 

ULK1, ULK2, MA1LC3A, MA1LC3B, and Macrophages polarization DEGs; IL6 through FOXO 

signaling pathways and IL17 signaling pathway. mmu - mir-17-p5 is a hub for negative regulation 

of Atg16l1, ULK1, IL6. mmu-mi-149-5p is a hub for negative smad1 transcription factor and 

Atg16l1. 
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Figure 22.  Candidate predicted targets of ATGs. 

 

Cytoscape Network shows candidate predicted targets of systems biology approach for 

experimental validation. Atg7, Atg16L1 IL4, and INFG are hub proteins. Atg7 appeared the more 

likely to have interaction edges (dashed dot edges). The confidence score for this network is 0.4. 

we picked Atg16L1, Atg7, MAP1LC3A, MAP1LC3B, IL6, ARG1, CD68, SMAD1and VAMP7 

for experimental validation.  
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4- In vitro polarization of bone marrow macrophages 

Murine bone marrow monocytes were isolated from the femur and tibia of C57Bl6 female mice. 

Then the Monocytes were differentiated to M0 φ using (20%L929 condictiond media) . On day 

5, type II interferon-γ was used (1250 IU/ml) combined with Lipopolysaccharide LPS (100 

ng/ml) for 48 hours to activate the M0 φ into M1 φ lineage. For the M2a, Interleukin-4 (IL4) was 

used (2500 IU/ml) in combination with Lipopolysaccharide LPS (100 ng/ml) for 48 hrs. The 

resulting three lineages were characterized using flow cytometry with three markers, Interleukin 

-6, CD68, and Arginase -1. The resulting phenotypes were M0 φ (IL6+/CD68+), M1 φ 

(IL6+/CD68+/ Arg-1+), and M2a φ (CD68+/ Arg-1+) (figures 23, & 24). 

 

 

Figure 23. Bone Marrow-Derived Macrophage Differentiation and Phenotypic 

Characterization.  
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A- M0 φ at Day 7 Isolation  

 

B- M1 φ at Day 7 Polarization 

 

C- M2a φ at Day 7 Polarization 

 

 

Figure 24. -Microscopic Examination of Bone Marrow-Derived Macrophages. 

Morphological examination of bone marrow-derived macrophages. A) represents the fully 

differentiated M0 φ using L929 conditioned medium 20ng/ml at day 7. B) represents the fully 

differentiated M 1 φ activated by INFγ (1250 IU/ml) +LPS (100 ng/ml) for 48 hrs) at day 7 

polarization. C) represents the fully differentiated M 2a φ activated by IL4 (2500 IU/ml) +LPS 

(100 ng/ml) for 48 hrs. at day 7 polarization.  

 

10 um       10 um  

 

10 um  
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IL4 significantly promotes the expression of phagocytosis markers CD-68 and Arginase 1 in 

M2a lineage.  

We successfully verified the phenotypes of the isolated murine bone marrow-derived macrophages 

M1 and M2a lineage, as previously mentioned using M0 as a control (figure 23). CD68 and 

Arginase 1 were used as phagocytosis markers. It is noteworthy to mention is that CD 68 is a cell 

surface protein and is well defined as a phagocytosis and lysosomal marker (Chistiakov, 

Killingsworth et al. (2017). CD68 was expressed in all cell phenotypes, although M2a showed a 

significantly higher expression of 84%. Furthermore, Arginase 1 is a specific intracellular marker 

for mice M2a cells (Briken and Mosser (2011). Flow cytometry analysis showed a significant 

increase in total cell percentage expressing Arginase 1 in M2a phenotype more than M1 and was 

absent in the control M0 lineage (figure 25).  



Flow cytometry Analysis for Bone Marrow-Derived Macrophages 
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Figure 25. Flow cytometry Analysis for Bone Marrow-Derived Macrophages 

 

Flow cytometry shows the co-expression of both Cd-68 and Arginase -1 in M1 and M2a. M0 macrophages were used as control. Samples were gated 

on 81%, and Cd-68 expression was assessed at APC - Filter, and Arginase-1 was read at FITC- Filter. where (A, E, and I) represent the gating for 5000 

events (event= single cell) inside scatter plots (SSC-A) on X-axis and forwarded scatter plots (FSC-A) on Y-axis. (A, E, and I) for M0, M1, and M2a 

lineages, respectively. On the other hand, B, F, and J are quadrant plots M0, M1, and M2a, respectively. C, G, and K are fluorescence Peak signal plots 

for CD68 expression in M0, M1, and M2a cells, which indicates high expression of arginase-1 by M0, M1, and M2a lineages. D, H, and L are 

fluorescence Peak signal plot for Arginase-1 expression in M0, M1, and M2a, which indicate no expression for arginase-1 at M0 lineage (D). However, 

high expression of Arginase-1 at M1 and M2a lineages. (n=3).  
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E. M1 INFG+LPS CD68 F. M2a IL4+LPS CD68 

 

Figure 26. Immune co-localization studies for Bone Marrow-Derived Macrophages. 

A, B, and C show M0, M1, and M2a cells respectively stained with Arginase -1 and counterstained 

with DAPI. Green dots indicate the expression of intracellular Arginase -1. D, E, and F show M0, 

M1, and M2a cells respectively stained with CD 68 marker and counterstained with DAPI. Red 

dots at (figures D, E, and F) indicate the expression of intracellular CD68. 2um scale bar. 

 

Immune co-localization studies for Bone Marrow-Derived Macrophages 

The expression of both phagocytosis markers CD68 (cell surface and intracellular) and Arg-1 

(intracellular only) can be seen in figure 26.  To quantify the immunostaining results, cell counting 

2um 2um 

2um 

2um 

2um 2um 
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for cells expressing Cd68 and Arg-1 in M0, M1, and M2a was performed using ImageJ ® (n=4). 

Statistical analysis for flow cytometry and immunostaining results are shown in figure 27.  

 

A- Arginase -1 Flow cytometry B- CD 68 Flow cytometry 

 
 

C- Arginase -1 immune staining counting  D- CD68 immune staining counting 

 

 

Figure 27. Statistical analysis for the expression of CD 68 and Arginase-1 in Bone marrow-

derived macrophages at D7.   

(A) a statistical significance for CD 68 total expression percentage with ordinary one-way 

ANOVA (number of replicates n=3) and (p-value 0.024<0.5 and R2 = 0.7) and M2a cells were 



61 | P a g e  
 

most significant. Data presented as mean and standard deviation (Mean= 55.9, 54.3 and 80.2, 

Standard deviation =± 10.5, ±5.7 and ±5.4 for M0, M1, and M2a respectively). (B) statistical 

representation of Arginase 1 total expression percentage, Brown –Forsythe ANOVA test was used 

(number of replicates n=3) and (p-value 0.04<0.5). M2a lineage significantly expressed both CD68 

and Arginase 1. Also, for arginase 1 Mean and standard deviation were calculated using Excel 

(Mean=2.5, 15 and 37, Standard deviation =±0.44, ±8.9 and ±12.6 for M0, M1 and M2a 

respectively). On the other hand, (C) Violin Plot for statistical analysis of manually counted cells 

of M0, M1 and M2a expressed Arginase 1 (number of images for each condition n=4), where one-

way ANOVA was performed (p-value <0.0001, R2= 0.9). Mean and the standard deviation were 

calculated using Excel (Mean= 13, 13.6 and 29, Standard deviation =± 0.81, ± 0.91 and ±0.86 for 

M0, M1 and M2a respectively). (D) for Cd68 ordinary one-way ANOVA was performed for all 

conditions (number of images for each condition n=4). Statistical significance was Performed 

using ordinary one-way ANOVA (p-value 0.0057<0.05, R2=0.68). Finally, Mean & standard 

deviation was calculated using Excel (Mean= 17.6, 16 and 23.6, Standard deviation =± 0.94, ± 

0.81and ±0.94 for M0, M1 and M2a, respectively).  

 

Type II Interferon Gamma INF-γ promotes the expression of Interleukin -6 (IL6) in M1 

lineage, while IL4 inhibits the IL6 expression in M2a lineage: 

Our systems Biology approach revealed that IL6 is one candidate for the interplay between 

autophagy and macrophage polarization (figure 22). IL6 is a cytokine secreted by T cells and 

Macrophages in response to infection and inflammation (Velazquez-Salinas, Verdugo-Rodriguez 

et al. (2019)).  

Our flow cytometry studies show that Interferon-gamma stimulated M1 lineage expressing IL6 

significantly (56%) compared to M2a lineage (37%). However, IL6 expression was high at the 

control M0 lineage, indicating that IL4 decreased the IL6 expression in M2a cells. Also, the 

fluorescence intensity for IL6 protein showed that M1 lineage had the most significant increase in 

IL6 protein expression (figure 28).  
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Flow Cytometry Analysis for IL6 expression in BMDM 
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G H I 
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Figure 28. Expression of IL6 by the flow cytometry 

 

Figures represent IL6 flow cytometry analysis for M1 and M2a. M0 macrophages were used as 

control. Samples were gated on 81%, and IL6 expression was read with FITC- Filter. A, D, and G 

represent the gating for 5000 events (event= single cell) inside scatter plots (SSC-A) on X-axis 

and forwarded scatter plots (FSC-A) on Y-axis. A, D, and G for M0, M1, and M2a lineages, 

respectively. On the other hand, B, E, and H are quadrant plots for M0, M1 and M2a respectively. 

C, F, and I are fluorescence Peak signal plots for IL6 percentage expression in M0, M1, and M2a 

cells, which indicates high expression of IL6 at M0 and M1. However, M2a lineages showed very 

low expression. (n=3).  
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Figure 29. Expression of phagocytosis Marker IL6.   

Figure (A) Violin plot shows statistical significance for IL6 total expression. M1 cells were 

significant (number of replicates n=3, p-value 0.036 < 0.05). B) bar plot showing the statistical 

representation of IL6 relative fluorescence intensity, with M0 D7 was used as a control, and M0 + 

Earle balanced salt used as positive autophagy control. One-way ANOVA test was performed 

(number of replicates n=3, p-value <0.0001, R2=1). M1 lineage significantly expressed IL6. 

 

  

A- Statistical Analysis for Flow 

Cytometry IL6 Expression  

B- Relative Fluorescence inetnsity for 

IL6 Expression  
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M2a phenotypes express IL6, and their conditioned media has an anti-proliferative effect on 

SHSY5Y neuroblastoma cells 

Earlier, we mentioned that we found M1 significantly expresses IL6, which means they release 

IL6 in their conditioned medium. Interestingly, we found the conditioned media of M0, M1 to 

have proliferative effects and M2a to have a potential to anti-proliferative effect on neuroblastoma 

cell line SHSY5Y. MTT Cytotoxicity assay on SHY5Y neuroblastoma cells treated with 

conditioned media showed significant cell proliferation of SHSY5Y cells treated with M1 

supernatant (1250IU INFG+100 ng LPS) for 24 hrs. However, cells treated with M2a supernatant 

(2500IU IL4) showed the least cell viability (less than 40%), which was also lower than cells 

treated with Cisplatin (figure 30).  

These results were supported by the early nuclear apoptosis assay. DAPI staining (Figure 31) and 

quantitative image analysis (mitotic partitioning) were used to quantify the relative DNA 

distribution in each nucleus. The amount of DNA in each nucleus was measured using image pixel 

intensities. The relative DNA distribution between progeny nuclei or the partition coefficient (PC) 

was then reported as the ratio of nuclear signal intensity (PC = I1/I2, where I1 and I2 are integrated 

pixel intensities of each of the progeny nuclei, i.e., total DNA amount per nucleus). This analysis 

was carried out in three steps: image deconvolution, determination of the pixel intensity threshold, 

and image binarization. First, image deconvolution was accomplished by an Unsharp mask 

algorithm. Pixel intensity for image thresholding was defined as the intra-nuclear pixel intensity 

level that maximizes the number of detectable foci. In our quantitative analysis, the image 

binarization is performed by assigning the value of 1 to pixels with grayscale values higher than 

the threshold; all other pixels are assigned the value of 0.  

Quantification of nuclear foci from the binary image included determining the number (connected 

components), the size in pixels (1 pixel 0.028 m2), and the location of each of the foci (centroid 

image coordinates). The spatial organization of intranuclear foci is expressed as the coefficient of 

variation of nearest-neighbor distances. For this purpose, the Euclidean nearest-neighbor distance 

was determined for each focal point by using the centroid coordinates (figure 31). 
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Figure 30. Effect of bone marrow-derived macrophage conditioned media on SHSY5Y cells. 

 

MTT and cytotoxicity assay of neuroblastoma cells SHSY5Y treated with bone marrow-derived 

macrophage conditioned media. A) represents the statistical significance of cell proliferation,  

SHSY5Y cells treated with M0 condictioned media (10 ng MCSF) and SHSY5Y treated with M1 

A-MTT cytotoxicity assya for for SHSY5Y 

cultured in BMDM Conditioned media 

B B-cell viability precnetage for SHSY5Y 

cultured in BMDM Conditioned media 

C –C-MTT cytotoxicity assya for for 

SHSY5Y cultured in BMDM Conditioned 

media 

C D- Cell Viability Percentage for SHSY5Y 

cells in BMDM conditioned media 
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conditioned media  (400 IU INFG +10 IU LPS) p-value <0.0001. However, cells shsy5y  treated 

with M 1 conditioned media containing  (400IU INFG) showed the least proliferation p-value 

<0.05. B)shows cell viability precnetage for SHSY5Y cultured in BMDM Conditioned media, 

where dose of (400IU) INFG decreased the cell viability. C)  MTT cytotoxicity assay for for 

SHSY5Y cultured in BMDM Conditioned media. SHSY5Y cells were cultured in M2a 

conditioned media containing (2500 IU IL4 ) showed the most significant decrease in cell 

proliferation when compared to the negative control (p-value <0.05).shsy5y Cells treated with 20 

ug/ml cisplatin were used as positive control and showed a decreased proliferation (p-value <0.05). 

(D) Cell Viability Percentage for SHSY5Y cells in BMDM conditioned media , shsy5y cells 

cultured in M2a  conditioned media containing  (2500IU IL4) showed the least viability.  
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Figure 31. Early Apoptosis Assay.  
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This figure described the early apoptosis induction in SHSY5Y human neuroblastoma cells. Nuclei 

stained with DAPI. A & B show no evidence for damaged nuclei. Unlike E and F, which show 

apoptotic bodies and damaged nucleus. Surprisingly, C and D show increased mitosis activity (red 

arrow). These results indicate that the conditioned media of M1 cells had a proliferative effect on 

cancer cell line SHSY5Y. Also, the conditioned media of M0 control had the same proliferative 

effect on SHSY5Y. 2 um scale bar. 

 

Figure 31, G. Statistical analysis of Mitotic partition coefficient during Mitosis.  

The most significant or the highest proliferative activity was observed in SHSY5Y incubated in 

M1 INFG+LPS supernatant when compared to control.  
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Increased Atg16L1 pre-autophagosomal expression in M1 and M2a lineage mRNA and 

protein  

Previously we mentioned that Atg16L1 is a pre-autophagosome marker. It mediates the pre-

autophagosome formation through of N-terminal of the WD40 domain, which is important for 

interaction with Atg5-Atg12 complex that mediates the conjugation with PE (phosphatidyl-

ethanolamine). Also, the Coiled-Coil domain CDD interacts with PE for LC3-1 lipidation and 

autophagosome formation (Zhao and Zhang (2019). It’s noteworthy to mention that Atg16L1 

was predicted as a hub protein. It was also a target for the predicted transcription factors Stat 4, 

Mlxpl, Gabpa, and Elk1 (figures 18 & 19). Moreover, Atg16L1 is a common target for the NOD2 

receptor (figures 20 & 22).  

Atg16L1 protein has 7 different isoforms. Here we predicted their tertiary structure from their 

amino acid sequences. Then we selected isoforms Atg16L1-1 and Atg16L1-3 for further studies, 

the reason behind this selection was the structure similarity between Atg16L1 -1 (Alpha) and 

Atg16L1-3 (Gamma) (figure 33). Therefore, it was important to investigate the gene expression 

of Atg16L1-1 and Atg16L1-3  on mRNA level at all BMDM φ lineages. Also, we examined their 

mRNA transcriptional level in M0, M1, and M2a lineages at day 7 and day 14 polarization. The 

Atg16L1-1 variant showed a significant fold change at day 7 and day 14 polarization. There was 

an expression variation between Atg16l1-1 and Atg16L1-3 gene variants in both M1 and M2a 

lineages at D7 and D14 polarization (figure 34).  

Atg16L1 serves as a precursor for the homotypic fusion of lysosomal VAMP7 /SNARE proteins 

for the pre-autophagosome formation and LC3 autophagosome maturation. Therefore, we 

examined the expression of the VAMP7 gene at M0, M1, and M2a lineages at day 7 and day 14 

polarization.  

Finally, M2a lineage showed the highest and the most significant Atg16L1-1, Atg16L1-3, and 

Vamp7 fold change in both 7 days and 14 days’ polarization. Interestingly, Atg16L1-1 alpha 

showed a 30-fold increase in M2a day 14 polarization than M2a D7 polarization. Also, the 

Atg16L1-3 Gamma variant showed an 18-fold increase in M2a d7 than M2a d14 polarization. The 

same as for vamp7 in M2a d7 showed a 10-fold increase than M2a day 14 polarization. 
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A- Multisequence Alignment for Atg16L1 three 

isoforms  

B- Structure of Atg16L1 three isoforms  

 

 

 

 

C- Atg16l1 – lysosomal homotypic 

fusion   
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Figure 32. The computational Multi-sequence Alligmenet of Atg16L1 -1, Atg16L1-2, and 

Atg16L-3.  

(A) Multi-sequence Alignment using Clustal software showed high amino acid sequence similarity 

among Atg16L1-1 or alpha and Atg16L1-3 or gamma, and the similarity in the N- terminal domain 

in both isoforms Atg16L1-1 and Atg16L1-3. B) diagram described the structure of Atg16L1 

protein with its 3 isoforms and its N-terminal domain. N terminal domain is crucial for binding 

with lysosomal complex protein Vamp7 at (C).  
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 A-Atg16l1-5 isoform, WD40 domain 311 aa residues  

  

B - Atg16l1-4 Isoform, WD40 domain 126 aa residue 

 

 

C-Atg16l1-3 gamma isoform, 295 aa residues WD40  

  

D-Atg16L1-2 beta isoform, WD40 domain 296aa residue  

  

E- Atg16L1-1-alpha isoform, WD40 domain 296aa residue  
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Figure 33. The predicted tertiary structure of Atg16L1 isoforms 

The tertiary structure was predicted using the amino acid sequence of each isoform of Atg16L1 (5 

isoforms) using the Swiss model plugin. The predicted models or structures were numbered 

according to their quality using a global quality estimate. QMEAN is one of the indicators of 

structural similarity and model quality. It is noteworthy to mention that structures C and E showed 

high 3D structure similarity (C, Atg16L1-3 with QMEAN value -1.16 and E Atg16L1-1 with 

QMEAN value -1.16).  
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A 

 

 

 

C-Atg16L1-3 Gamma variant Gene Expression 

at day 7 polarization 
D-Atg16L1-3 Gamma variant Gene Expression 

at day 14 poalrization 

B- Atg16L1-1 Alpha variant Gene Expression at 

day 14 poalrization 

A- Atg16L1-1 Alpha variant Gene Expression at 

day 7 poalrization 
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Figure 34. ATG16L1-1, and Atg16L1-3 Gene Expression significance.  

 

Representation of the gene expression of Atg16L1-1, Atg16L1-3 at day 7 and day 14 polarization 

normalized to GAPDH. A & B bar plot showing the statistical significance of relative fold change 

of Atg16L1-1 alpha variant in M1 and M2a at D7 polarization (A) and D14 polarization (B). 

Unpaired t-test was used to calculate the significance (n=4, p-value 0.042 < 0.05, and = 0.001 

respectively). C & D bar plot shows the statistical significance of relative fold change of Atg16L1-

3 Gamma variant in M1 and M2a at D7 (C)  polarization and at D 14 polarization (D). Unpaired 

t-test was used to calculate the significance (n=4, and p-value < 0.05 and ).  

E.  Vamp7 Gene Expression day 7 polarization F.  Vamp7 Gene Expression day 14polarization 

 

 

Figure 34 (E & F). VAMP7 Gene Expression.  

The figure shows the expression Vamp 7 on day 7 and day14 polarization normalized to GAPDH. 

The bar plot shows the statistical significance of relative fold change of Vamp7 variant in M1 and 

M2a at D 7 (E)  and D14 (F) polarization. Unpaired t-test was used to calculate the significance 

(n=4, and p-value  < 0.05).  
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Atg16L1-1 and Atg16L1-3 upregulated in M2a lineage 

M2a cell lineage showed upregulation for both Atg16L1-1 and Atg16L1-3 variants. One protein 

level, immune co-localization studies using fluorescence microscopy can give insights about the 

expression of pre-autophagosomal protein Atg16L1 in the cytoplasm and nuclear boundaries. 

Using an automated spot detection algorithm, we were able to detect the pre-autophagosome spots, 

also, their sizes in M0, M1, and M2a lineages (Figure 35 & 36).  
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Figure 35. Immune co-localization studies for cytoplasmic Pre- autophagosome Atg16L1. 

Cytoplasmic and nuclear pre-autophagosomes stained for Atg16L1. A, D and G are the M0, M1, 

and M2a lineages, respectively, showing cytoplasmic pre-auto phagosomes as yellow to green 

spots (red box). Pre-auto phagosomes appeared yellow to green spots in the cytoplasmic boundary 

(B, E, and H). C statistical representation of cytoplasmic pre-autophagosomes counting per cell. 

Unpaired t-test (n= 6 images, at least 5 cells /image, p-value 0.027 < 0.05).  

M1 lineage showed the highest number of pre-auto phagosomes in the cytoplasm. For statistical 

analysis of pre-autophagosome size per cell, we used one-way ANOVA to compare between the 

M0, M1, and M2a conditions (n= 6 images, at least 5 cells /image, p-value 0.0045 < 0.05). 

Unpaired t-test was used to compare between M0 and M2a lineage M1 lineage (n= 6 images, at 

least 5 cells /image, p-value 0.043 < 0.05). M1 showed the highest significance among the three 

conditions. However, M2a lineage showed a significant increase in cytoplasmic Atg16L1 spot size 

when compared to M0 lineage control. Interestingly, we noticed that the average spot size of 

Atg16L1 in M1 lineage is more than 4 um diameter, which is above normal value for pre-auto 

phagosome (from 500 to 1000 nm) or (0.5-1 um) diameter.   
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A-Nuclear Atg16L1 Merge M0 CTRL  B -Nuclear Atg16L1 Merge M1  

  

C- Nuclear Atg16L1 Merge M2a  D- Nuclear Atg16L1 Merge M0+EBS  

  

 

Figure 36. Immune co-localization of nuclear Atg16L1 Pre-autophagosomes. 

This figure describes the immune co-localization studies of pre-autophagosomes in the nuclear 

compartment. A, B, C, and D show the nuclear Atg16L1 pre-autophagosomes as green to yellow 

dots in M0, M1, M2a, and M0 + Earle balanced salt, respectively. Green dots represent the auto 

phagosomes. No autophagosomes were observed in the M0 CTRL and in M1 macrophages. 

However, we observed these dots in M2a lineage (C) and positive autophagy M0+EBS cells (D).  
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A-Nuclear Atg16L1 Pre-auto phagosome 

Count 

B-Atg16L1 protein Relative Expression 

C- Atg16L1 protein Relative Expression 

 

 

Figure 37. statistical significance of Nuclear Atg16L1 and Relative Protein Expression: 

A) Unpaired t test was used to compare M0 negative control and M0+EBS as positive control (n= 

3 images, at least 5 nuclei /image, p-value 0.036 < 0.05), and between M2a and M0 control (n= 3 

images, at least 5 nuclei /image, p-value 0.008 < 0.05).  B & C show relative fluorescence intensity. 

M2a showed the most significant increase (one-way ANOVA, n=3, p -value <0.0001).  
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M2a lineage showed a significant increase in both nuclear pre –autophagosome number and 

cytoplasmic Atg16L1 size. This supports the previous gene expression data that showed increased 

fold change of Atg16L1-1 gene variation M2a at day 7 polarization (Figure 34). 

 

INF gamma increased Atg7 expression in M1 cell lineage and caused increased pre-

autophagosome size. 

This study's relevance is in finding significant target protein candidates for macrophage 

polarization and Macro-autophagy and understanding how macro-autophagy could impact 

macrophage polarization process, which affects the activation of either M1 (proinflammatory 

lineage) or M2a (anti-inflammatory and cytotoxic lineage). Based on our previous findings, Atg7 

is an important protein target that links macro-autophagy and Macrophages polarization processes 

(Figure 23). Here we show immune co-localization studies for Pre-autophagosomes of Atg7 

protein and gene expression data. (figure 40). Statistical significance of Atg7 pre-autophagosomes 

in terms of spot count and size is further explained (figure 40). 
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 A-Atg7 Pre- autophagosome in M0 

CTRL FITC 

 B- Atg7 Pre- autophagosome in M1 

INFG+LPS FITC 

 

 

 

 

 C- Atg7 Pre- autophagosome in M2a 

IL4+LPS FITC 

  

 

 

  

 

Figure 38. Immune co-localization of Atg7 Pre-autophagosomes. 

Green or yellow dots (A) represent Atg7 expression as pre-auto phagosomes distributed in the 

cytoplasmic compartment (red arrow). B & C Show the Atg7 expression in M1 and M2a lineages, 

respectively. Red arrows (A, B, and C) refer to the cytoplasmic Atg7 protein expression.   

2um 2um 

2um 
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A-3D. Z-Stack M0 CTRL Merge  B-3D. Z-Stack M0 CTRL FITC  

C-3D. Z-Stack M1 INFG+LPS Merge  D-3D. Z-Stack M1 INFG+LPS FITC  

E-3D. Z-Stack M2a IL4+LPS Merge  F- 3D. Z-Stack M2a IL4+LPS FITC 

Figure 39. Immune co-localization of Atg7 using Laser Confocal Microscopy.  

3D Reconstruction for Z – stack confocal images revealed a significant number of pre-

autophagosomes formed at M1 and M2a lineages. However, M0 control showed the largest size 

of pre-autophagosomes (B, D, and F).  
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Figure 40. Statistical analysis of Atg7 pre-autophagosomes and gene expression. 

Statistical analysis of Atg7 or pre-autophagosome number per cell. Unpaired t-test was used to 

calculate the significance between M0 CTRL and M1 lineage (A, n= 6 images, p-value 0.0078 < 

0.05). There was no significant difference between M1 and M2a (300 spots/cell).  

 

A-Atg7 Pre-auto phagosome count 

 

B- Atg7 Pre-auto phagosome size 

 

C-Atg7 Gene Expression Data 
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Figure 40, B shows the violin plot of Atg7 pre-autophagosome size, measured by automated spot 

detection plugin on ImageJ ® software. The paired two-tailed t-test (n= 6 images, p-value 0.027 < 

0.05) showed that M1 showed an increased spot size of more than 1 um in diameter. These results 

support our findings (figure 39), which indicate Atg7 pre-autophagosome aggregated together.  

Relative fold change of gene expression was normalized to GAPDH (C) gene as endogenous 

control, using paired t-test to calculate significance (n=4, and p-value 0.0002 < 0.05). Mean and 

standard deviation for fold change relative to Gapdh in M0 were: Mean=3.7, and 2.36 folds, 

Standard deviation  ± 0.46 and ± 0.56 for M1 and M2a, respectively.  

Therefore, INF gamma promoted the expression of Atg7 protein and mediated up-regulation of 

Atg7 gene expression in M1 and M2a cells. While Interferon-γ and lipopolysaccharide increased 

Atg7 protein and mRNA in M1 lineage.   

Increased Smad1 gene expression on day 14 polarization in M1 and M2a lineages.  

The protein encoded by this transcription factor has an important role in biological processes such 

as apoptosis, cell growth, and immune responses. We report Smad1 as one of our predicted 

transcription factors (figure 18) and its downstream targets IL6 and MAPLC3A genes. Smad1 was 

downregulated in M1 and M2a at day 7 polarization compared with 14 days’ polarization results. 

Flow cytometry results showed a significant difference in Smad1 protein expression at day 7 

polarization in M2a compared to M0 and M1 (Figure 42). Fold change in M2a cells at day 7 

polarization was only 1.5 folds (Figure 42). However, there was significant overexpression of 

Smad1 in both M1 and M2a lineages at day 14 polarization (Figure 42).  
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Figure 41. Flow cytometry Analysis for Smad 1 Expression in Bone Marrow-Derived 

Macrophages.  

B 
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The figure represents Smad1 by flow cytometry analysis for M1 and M2a. M0 macrophages were 

used as control. Samples were gated on 81%, and Smad1 expression was read using FITC  Filter. 

A, D and G represent the gating for 5000 events (event= single cell) inside scatter plots (SSC-A) 

on X-axis and forwarded scatter plots (FSC-A) on Y-axis. A, D, and G for M0, M1, and M2a 

lineages, respectively. On the other hand, B, E, and H are quadrant plots for M0, M1, and M2a, 

respectively. C, F, and I are fluorescence peak signal plots for Smad1 expression in M0, M1, and 

M2a cells, which indicates a higher expression of Smad1 at M2a. However, M0 and M1 lineages 

had the lower expression, (n=3).  
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A 

 

B 

 

C 

 

 

Figure 42. Statistical analysis of flow cytometry data for the expression of Smad1.  

M1 and M2a at day 14 polarization showed a significant increase in Smad1 gene expression.   
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The bar plots show the statistical representation of Smad1 transcription factor fold change in both 

M 1 and M2a at days 7 and 14 polarization normalized to GAPDH, as endogenous control, and 

M0 lineage as control.  Unpaired t-test was used to calculate the significance (n=4, and p-value 

0.0064 < 0.05). Mean and standard deviation for fold change relative to Gapdh in M0 were: 

Mean=0.76 and 1.5 folds, Standard deviation ± 0.05 and ± 0.01 for M1 and M2a respectively). B) 

Bar plot shows the statistical representation of Smad1 transcription factor fold change in both M 

1 and M2a at day 14 polarization normalized to GAPDH as endogenous control and M0 lineage 

as control.  Unpaired  t-test was used to calculate significance (replicates number, n=4) and (p-

value -0.028 < 0.05). Mean and standard deviation for fold change relative to Gapdh in M0 were 

calculated using Excel (Mean= 6.1 and 8.6 folds, Standard deviation = 0.4 ± and 1.6 ± for, M1 and 

M2a respectively). (C) Violin plot is showing the statistical significance for Smad1 total 

expression ( n=3). Statistical significate was calculated using a paired two-tailed t-test (n=3, p-

value 0.048 < 0.05). This showed an increase in M2a lineage; however, there was no significant 

difference in expression of Smad1 in M0 and M1 lineages. Mean and standard deviation were 

calculated using Excel (Mean=54.6 %, 65.5 % and 72.3% Standard deviation = ±5 .3 %, ±1,8 and 

±f 7.1 for M0, M1, M2a respectively). 
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Autophagy associated protein complex LC3 A&B expression increased in M1 and M2a 

macrophages. 

The MAP1-LC3s or LC3 A & B  protein complex is responsible for autophagosome formation and 

lysosomal fusion. It is also considered an autophagosome marker as it appears on the surface of 

autophagosomes. Therefore LC3 A&B quantification can give insights about autophagy inside the 

cell lineages M0, M1, and M2a. We found that the distribution of autophagosomes inside the 

nuclear and cytoplasmic compartments is not uniformly distributed. Here we show (figure 43) 

nuclear autophagosomes formed in M2a cells and M0 positive autophagy. However, 

autophagosomes were not localized in the nucleus in M1 and M0 control. Counting using ImageJ 

® showed that the average number of basal autophagosomes in M0 was 1800, in M1, it was 2436 

spot and in M2a increased to 2471 (figure 46). Remarkably autophagosome aggregations were 

also observed. We use the term “aggregations” as the autophagy activity was remarkably 

increased. 3D reconstruction of Z-stack images, we observed the LC3 A&B autophagosomes 

formed aggregations, and it increased in M1 and M2a lineages compared to the M0 control (figure 

44). Flow cytometry single-cell quantification showed a significant increase in M1 and M2a cells.  

Finally, mRNA levels of LC3B but not LC3A increased in M1 to 4 folds and M2a 3 folds, 

respectively. These results support our systems biology approach that LC3 A&B is a hub protein 

in the interplay between autophagy and macrophage polarization. Collectively, (INFG +LPS) 

induced macroautophagy inside M1 and (IL4+LPS) induced macroautophagy in M2a cells (Figure 

45 & 46).  
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 A- Cytoplasmic Autophagosomes  B-Nuclear Autophagosomes  
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Figure 43. Immune co-localization studies for LC3A&B protein complex. 
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Panel A shows immune co-localization studies for cytoplasmic Autophagosomes (yellow to green 

spots) in M0, M1, and M2a lineages, respectively. On the other hand, Panel (B) describes the LC3 

A&B staining showing nuclear Autophagosomes (yellow dots inside the nuclear compartment).   

A high number of LC3 A&B protein localized in the nuclear compartment of M2a lineage and 

M0+EBS cells.  The number of autophagosomes was counted inside the cytoplasm and in the 

nucleus using the automated ImageJ plugin. 
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Figure 44. Immune co-localization using Laser Confocal Microscopy for LC3 A&B Protein 

Complex.  

3D reconstruction of Z – stack laser confocal images revealed many autophagosomes formed in 

M10 and M1 lineages. M2a showed the largest size of pre-autophagosome (B, D, and F).   

A-3D –Z Stack M0 CTRL Merge B-3D –Z Stack M0 CTRL FITC 

C-3D –Z Stack M1 INFG +LPS Merge D-3D –Z Stack M1 INFG +LPS FITC 

E-3D –Z Stack M2a IL4 +LPS Merge  F- 3D –Z Stack M2a IL4 +LPS  FITC  
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G H 
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Figure 45. Flow cytometry analysis for LC3 A&B protein complex expression in Bone 

Marrow-Derived Macrophages  

Flow cytometry analysis of LC3 A&B protein complex expression in M1 and M2a. M0 

macrophages were used as control. Higher expression of LC3 A&B protein complex was found in 

M1 and M2a cells; however, M0 showed low expression. Samples were gated on 81%, and LC3 

A&B protein complex expression was read using FITC Filter. A, D, and G represent the gating for 

5000 events (event= single cell) inside scatter plots (SSC-A) on X-axis and forwarded scatter plots 

(FSC-A) on Y-axis. B, E, and H are quadrant plots for M0, M1, and M2a, respectively. C, F, and 

I are fluorescence Peak signal plots for LC3 A&B protein complex expression in M0, M1, and 

M2a cells. (n=3). 
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A- LC3 A&B Autophagsosme count 

per Cell 

 

B- LC3 A&B relative protein expression 

 

C- LC3 A&B Autophagsosme Count Per 

Nuclei 

 

D- Flow Cytometry Analysis of LC3 A&B 
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E- LC3A Gene Expression Data at day 

7 polarization  

 

F- LC3B Gene Expression Data at day 7 

polarization 

 

Figure 46. Representation for LC3 A&B protein complex expression.  

LC3 A&B protein complex was quantified, unpaired t-test was used to compare between M0 and 

M2a lineage, 5 images with at least 5 cells/ image were counted using ImageJ (p-value 0.015 < 

0.05). Mean and standard deviation were: Mean = 1857, 2436, and 2471 spot, STD ± 118, ± 409, 

and ± 253 for M0, M1, and M2a, respectively). Also, we manually counted the number of nuclear 

autophagosomes figure (C). the unpaired t-test was used to calculate the significant difference 

between M0 positive autophagy as positive control and M2a lineage (n= 5 images, at least 5 cells/ 

image were counted using ImageJ, p-value 0.029 < 0.05).  

3D reconstruction of Z –stack images supported the results from figure A. High autophagosomal 

aggregates were formed in both M1 and M2a lineage compared to M0 control (figures 44 B, D, 

and F). Relative fluorescence intensity of LC3A&B showed a significant increase in M1 and M2a 

lineage compared to M0 control.  

Single-cell flow cytometry analysis (figure 45) was used to investigate the total cell percentage of 

LC3 A&B complex protein in M0, M1, and M2a lineages. Mean, and standard deviation were 

(Mean = 22, 46, and 30 %, STD = ±1.8, ± 8.4, and ± 1.88 % for M0, M1, and M2a, respectively).  
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Statistical analysis using violin plot for flow cytometry (figure 46, D) data of cells that express 

LC3 A&B protein showed that  highest  expression of LC3A&B  was in M1 lineage, and M2a 

shiwed higher expression of LC3A&B protein more than M0 control . One-way ANOVA was used 

to calculate the significance between all conditions M0, M1, and M2a, (n= 3, and p-value 

0.01<0.05). A paired t-test was used to calculate the significance between M0 and M2a ( n= 3, and 

p-value 0.02 < 0.05).  

Figure 46.E Statistical analysis of LC3A fold change in both M 1 and M2a at day 7 polarization 

normalized to Gapdh as endogenous control and M0 lineage as a control showed that , LC3A was 

up regulated in M1(1.5 folds) and showed a normal expression pattern in M2a (1 fold ) .  Paired t-

test used to calculate significance (n=4, and p-value - 0.0012 < 0.05). Mean and standard deviation 

for fold change relative to Gapdh in M0 were: Mean=1.5 and 1.15 folds, Standard deviation  ± 

0.07 and ± 0.12 for M1 and M2a respectively. Figure 46, F shows a statistical representation of 

LC3B fold change in both M 1 and M2a at day 7 polarization normalized to Gapdh as endogenous 

control and M0 lineage as a control showed that , LC3B was up regulated in M1(more than 3  

folds) and showed a up regulationM2a (1 fold )   . however , M1 expressed LC3B higher than M2a 

lineage.Paired t-test used to calculate significance (n=4, and p-value - 0.03 < 0.05). Mean and 

standard deviation for fold change relative to Gapdh in M0 were: Mean=3.96 and 2.65 folds, 

Standard deviation ±1.27 and ±0.53 for, M1 and M2a respectively). 

 

Does increased Autophagy activity decrease the phagocytic activity of bone marrow-derived 

macrophages?  

Our systems biology approach predicted the candidate protein targets that mediate the interplay 

between autophagy and macrophage polarization. Atg16L1 was one of the important hub proteins; 

we found significant overexpression of Atg16L1-1 gene variant in M2a at day 14 polarization (30 

folds’ increase) (figure 34, B).   We also found a 15 fold increase in Atg16L1-3 gene variant in 

M2a lineage at day 7 polarization (figure 34, C). These results indicate an increased autophagy 

activity in M2a than M1, specially Atg16L1 gene expression.  

IL4 induced macroautophagy in M2a cell lineage at day 7 and day 14 polarization. We were 

curious about whether autophagy affects macrophage phagocytosis or not. Flow cytometry studies 
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revealed macrophages at day 14 polarization showed a decreased arginase expression figure (48, 

A) in M0, M1, and M2a lineage when compared at day 7 polarization (figure 27 A). Also, M1 and 

M2a showed a decreased CD68 expression when they compared to M0 ctrl at day 14 figure (48: 

A). previously, we reported Interleukin 4 and Lipopolysaccharide combination induced 

macroautophagy and increased the autophagy-related genes Atg16l1-1, Atg16L1-3, LC3A, and 

LC3B, Atg7, and VAMP7. 

These results suggest that increasing the polarization time from 7 days to 14 days increased the 

autophagy activity and might decrease the phagocytosis markers like Arginase -1 and Cd68. 

However, to further confirm these results, we performed autophagy inhibition and investigation of 

phagocytosis marker expression.  
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Figure 47. Flow cytometry Analysis for Bone Marrow-Derived Macrophages at Day 14 

Polarization  

 

Representation of phagocytosis markers Cd68 and Arginase 1 expression at day 14 polarization. 

Panel A shows the flow cytometry analysis for both Cd68 and Arginase 1 at M0, M1, and M2a 

day14 polarization.   
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Figure 47 represents the co-expression of both Cd-68 and arginase -1 by flow cytometry analysis 

for M1 and M2a, using M0 macrophages as a control. Samples were gated on 81%, and Cd-68 

expression was assessed at APC - Filter, and Arginase-1 was read at FITC- Filter. Figure 48 A, E, 

and I represent the gating for 5000 events (event= single cell) inside scatter plots (SSC-A) on X-

axis and forwarded scatter plots (FSC-A) on Y-axis. (A, E, and I) for M0, M1, and M2a lineages, 

respectively. On the other hand, (B, F, J) are quadrant plots for M0, M1, and M2a, respectively.  

Figure 47 C, G, and K are fluorescence peak signal plots for Arginase -1 percentage expression in 

M0, M1, and M2a cells, which indicate lower expression of arginase-1 at M1 and M2a lineages 

compared to figure 25 H and L. Figure 48 D, H, and L represents the fluorescence signal peak for 

CD68 expression in M0, M1, and M2a respectively. Surprisingly at day 14 polarization M0 

showed no expression for arginase -1 (figure 47C) compared to M0 lineage at Day 7 polarization 

(figure 25 D). M0 lineage should not express arginase -1, which means there were Arginase -1 

induced phenotypic changes in M0 at day 14 polarization.  
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Figure 48, A. Flow Cytometry Analysis of CD68 and Arginase -1 in BMDM at Day 14 

Polarization. 

The figure shows the statistical analysis of Arginase 1 and CD68 expression flow cytometry 

data in terms of cell count. One way Anova was used to calculate the arginase -1 significance 

(number of samples n=3, p-value 0.0001<0.05). However, CD68 showed no significant 

difference between all samples, including M0, M1, and M2a lineages.   
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 Figure 48, B. Summary for Gene Expression Data in BMDM at Day 7 Polarization 

A summary of all gene expression studies performed on day 7, including: Smad1, Atg16L1-1, 

Atg16L1-3, and Vamp7. It shows the significance of fold increase in Atg16L1-3 by M2a more 

than (20 folds’ increase) and in Vamp7 gene up-regulated more than 10 folds’ increase in M2a 

lineage.   
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Figure 48, C. Summary for Gene Expression Data in BMDM at Day 14 Polarization  

A summary of gene expression data at day 14 polarization. Interestingly, interleukin -4 activated 

macrophages M2a lineage expressed a 30 folds increase in Atg16L1-1 but not Atg16L1-3. Also, 

Smad1 was upregulated in M2a lineage with 10 folds increase. These results indicate a high 

autophagic activity in M2a lineage and lead us to investigate the impact of autophagy inhibition 

on Macrophages phenotypic characters.  
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Autophagy Inhibitor Bafilomycin-A Significantly increased CD68 and Arginase 1 Expression 

in M0, M1, and M2a Lineages. 

 

Accumulation of autophagosomes LC3 A&B protein complex inside the cytoplasmic boundary of 

Interferon-γ activated M1 lineage, and Interleukin 4 activated M2a lineage gave us insight into the 

increased autophagy activity in both cell phenotypes from immune co-localization studies (Figure 

43; 1B, 2B, and 3B & Figure 44; D and F). Both of Interferon-γ and Interleukin 4 induced 

macroautophagy M1 and M2a cell lineages. Also, based on the gene expression data at day 7 

polarization of both Atg16L1-3 and Vamp7 upregulated in M2a lineage by 18 folds and 10 folds, 

respectively (figure 48 B).  And Atg16L1-1 gene upregulated in M2a lineage at day 14 polarization 

by 30 folds’ increase (figure 48 C).   

Macrophages are highly dynamic immune cells, and phagocytosis is one of its important biological 

roles. Therefore, we tried to investigate the interplay between autophagy and macrophage 

polarization in the phagocytosis process. Autophagy was inhibited using autophagy inhibitor 

Bafilomycin-A (200 n M) in M0, M1 and M2a cell lineages, surprisingly we found high expression 

pattern for both phagocytosis markers Arginase -1 and CD 68 in M0, M1 and M2a cells when 

compared to previous flow cytometry results (figure 27, A, B , C, and D). Also, autophagy inhibitor 

Bafilomycin-A increased the percentage of double-positive (CD68/Arginase1) cells in both M1 

and M2a.  

 

Autophagy induction decreased the phagocytosis activity of M2a but not M1 

 

We evaluated the impact of autophagy induction on phagocytosis activity. The average number of 

phagocytic events were counted manually.   After autophagy induction with Earle balanced salt, 

M2a lineage showed  decreased phagocytic activity. However, no significant effect on M0, and 

M1 lineage was observed.  
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Figure 49. Flow cytometry Analysis for Bafilomycin-A induced autophagy inhibition in 

Bone Marrow-Derived Macrophages  

 

Figures represent co-expression of both Cd-68 and arginase -1 by flow cytometry analysis for M1 

and M2a. M0 macrophages were used as control. Panel A shows the flow cytometry analysis for 

both Cd68 and Arginase 1 in Bafilomycin-A treated M0, M1, and M2a at day 7 polarization. 

Samples were gated on 81%, and Cd-68 expression was assessed at APC - Filter, and Arginase-1 

was read at FITC- Filter. A, E, and I represent the gating for 5000 events (event= single cell) inside 

scatter plots (SSC-A) on X-axis and forwarded scatter plots (FSC-A) on Y-axis. A, E, and I show 

M0, M1, and M2a lineages, respectively. On the other hand, B, F, and J are quadrant plots for M0, 

M1, and M2a, respectively. C, G, and K are fluorescence peak signal plots for CD68 expression 
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in M0, M1, and M2a cells, indicating an increased expression of CD68 in all cell lineages. D, H, 

and L represent the fluorescence signal peak for Arginase -1 expression in M0, M1, and M2a.  

 

Surprisingly, autophagy inhibition in (D) showed a great increase in arginase -1 expression more 

than 50% in M0 lineage at day 7 polarization, when compared to M0 at day 7 polarization with 

the normal basal autophagy activity. Further statistical significance analysis is described in the 

upcoming figure (50). 
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A- CD68 Expression in Bafilomycin-A 

induced autophagy. 

 B- Arg-1 Expression in Bafilomycin-A 

induced autophagy. 

C- Comparison of  CD68 expression 

between M0, M1, & M2a macrophages 

and Bafilomycin-A induced autophagy. 

 D- Flow cytometry of CD68 and Arg-1 

double-positive cells. 

 

Figure 50. Analysis of flow cytometry studies for M0, M1, and M2a cells at day 7 polarization 

treated with Bafilomycin-A. 
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Figure (A) violin plot to show the statistical significance of total cell expression of CD 68 protein 

in M0, M1, and M2a. One way ANOVA test was used to calculate the M1 significance (n=3, p-

value 0.002<0.05). A paired t-test was used to calculate the significance in M2a (number of 

samples n=3, p-value 0.0165<0.05). Mean and standard deviation calculated using Excel software 

(Mean= 68.8, 93 and 88 %, STD = ± 8, ± 3.7, ± 5.6 for M0, M1, and M2a respectively). Figure 

(B) violin plot to show the statistical significance of total cell percentage expressing Arg-1 protein 

in M0, M1, and M2a. A one-way ANOVA test was used to calculate the M1 significance (n=3, p-

value 0.02 < 0.05). Mean and standard deviation calculated using Excel software (Mean= 49, 71 

and 55 %, STD = ± 6.33, ± 10.8 and ± 7.4 for M0, M1, and M2a, respectively).  

Figure (C) violin plot to show the statistical significance of total cell percentage expressing CD68 

protein in M0, M2a and M2a incubated with Bafilomycin A. One-way ANOVA test was used to 

calculate the M2a significance (n=3, p-value 0.0024 <0.05). M2a incubated with Bafilomycin-A 

showed the highest expression for CD68. Figure (D) Bar plot showing the statistical significance 

of double-positive cells that express both (CD68/Arg-1) in M0, M1, and M2a at day 7 polarization 

and M0, M1, and M2a incubated with Bafilomycin-A. A one-way ANOVA test was used to 

calculate the M1 significance (number of samples n=3, p-value 0.0009 < 0.05). Paired T-test was 

used to calculate the M2a significance (n=3, p-value <0.0001). Unpaired t-test was used to 

calculate the M1 incubated with Bafilomycin-A significance (n=3, p-value 0.028<0.05). Mean and 

standard deviation calculated using Excel software (Mean= 2.32, 27.44 and 29.5 &42.8, 68.5 and 

46.8 %, STD = ± 0.93, ± 2.09 and ± 11.31 & ±9.5, ±12 and ± 15 for M0, M1 and M2a& M0, M1 

and M2a incubated with Bafilomycin A).  
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Immunostaining studies for Phagocytosis Assay 

 
A. M0 D7 EBS 16 Hrs. + E. coli 

 
B. M1 D7 EBS 16 Hrs. + E. coli 

 
 

C. M2a D7 EBS 16 Hrs. + E. coli 

 D   

  

Figure 51. Phagocytosis Assay 

Figures (A, B, and C) immune staining studies using mak38 autophagy detection kit. Cells stained 

in Cyan are M0, M1, and M2a at day 7 respectively incubated in Earle balanced salt for 16 hrs., 

Heat killed E. coli 10 ul suspension added in equal amount after stained with DAPI blue stain. 

Phagocytic events were captured using a fluorescence microscope. Figure (D) Bar plot showing 

the statistical significance of  M0, M1, and M2a incubated with Earle Balanced salt for 16 hrs. A 

one-way ANOVA test was used to calculate the M0 significance ( n=5 images, p-value <0.0001). 

A paired T-test was used to calculate the M1 significance (n= 5 images, p-value 0.0007<0.05). 

Autophagy decreased the phagocytic activity of M2a compared to M1 and M0.  
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SUMMARY 

• Our systems biology approach revealed  predicted target proteins that mediate the interplay 

between autophagy and macrophage activation Smad1, LC3A&B, Atg16L1, Atg7, IL6, 

CD68, Arg-1, and Vamp7. 

• We succefuly isolated Bone marrow-derived monocytes were the femur and tibia of female 

mice. After differentiation of monocytes to M0, M1, and M2a, the lineage phenotypes were 

characterized using flow cytometry. Afterward, we validated the targets of Smad1, 

LC3A&B, Atg16L1, Atg7, IL6, CD68, Arg-1, and Vamp7. Finally, we investigated the 

impact of autophagy inhibition on all immune lineages using autophagy inhibitor  

Bafilomycin-A.   

• Immune phenotyping by flow cytometry revealed three macrophage phenotypes: 

(IL6+/CD68+) M0 φ, (IL6+/CD68+/Arg-1 +) M1 φ and (CD68+/Arg-1) M2a φ lineages.  

And 3-D reconstruction of laser confocal microscopy Z-stalk images revealed an increase 

of autophagy activity in both M1 and M2a lineages.  

• In addition, a significant increase was also observed in pre autophagosome size and number 

of Atg-7, Atg-16L1 in interleukin -4 activated M2a cells compared to control M 0 naïve 

cells. The size of LC 3 A& B auto phagosomal aggregates showed an increase in M2a cells. 

RT qPCR supported these findings and showed the high gene expression profile of Atg 16 

L 1- 3, and Vamp 7 in  M2a lineage at day 7 poalrization. Bafilomycin –A, an autophagy 

inhibitor,  increased expression of CD68 and Arg-1 in all cell lineages at day 7 poalrization.  

• Phagocytosis assay with Heat killed E Coli bacteria showed decreased phagocytosis 

activity in IL-4 activated M2a cells but not M1 cells at day 7 polarization. 

• In conclusion ,  This study suggests that autophagy reprograms macrophages through 

CD68 and Arginase-1 phagocytosis markers in Atg 16 L 1 -3 dependent manner. 
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CHAPTER IV: DISCUSSION 

Autophagy is a highly regulated process on transcriptional, post-transcriptional, translational, and 

post-translational levels. Autophagy-related genes, proteins, and mRNAs mediate this regulation.  

Activated macrophages are key players in the immune system. They exert immune quality control 

and pathogen -phagocytosis biological roles.  Macrophages encode an array of pattern recognition 

receptors (PPRs) and sensors to identify pathogen-associated molecular patterns that mediate the 

innate immune response.  

Autophagy depends on the formation of a double-membrane vesicle called autophagosome that 

fuses with the lysosome to degrade pathogens, proteins, and organelles. Both phagocytosis and 

autophagy are inter-dependent processes. The interplay between autophagy, macrophage 

activation, and phagocytosis is still poorly understood (Uribe-Querol and Rosales (2020) &Duan, 

Chen et al. (2018). 

In this study, we dissected both the autophagy and macrophage activation process to better 

understand the nature of this interplay. We were able to identify a list of common pathways, 

transcription factors, and target proteins that mediate this interplay. We further validated these 

targets in an in vitro study.  

Systems Biology Approach and Predicted Targets: 

Manually curated 249 autophagy associated genes (Atgs) and 250 differentially expressed genes 

(DEGs). We identified five significantly enriched pathways common between autophagy-

associated genes, and Differentially expressed genes for macrophage polarization (figure7). These 

pathways are; NF kappa, FOXO, HIF1, NOD-like receptor, and IL17 signaling pathways.  

The NF- κ pathway is well known to regulate the secretion of cytokines such as IL6 and TNF γ. 

These pathways also enhance cell survival, proliferation, inflammatory response, and angiogenesis 

(Newton and Dixit (2012). Autophagy controls the degradation of NF-κ-B-inducing kinase (NIK) 

and the essential activator of NF-κB, IκB kinase (IKK) under heat shock protein 90 (Hsp90) 

inhibition conditions (Qing, Yan et al. (2006), Qing, Yan et al. (2007).   
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Other studies showed that the increased expression of autophagy-associated gene MAP1LC3B by 

rapamycin disrupted macrophage M2 polarization (Wang, Li et al. (2017). We found that 

MAP1LC3B serves as a common target for predicted transcription factors such as; CEBPG (figure 

19 B--), MLXIPIL (figure 18 B).  

The NOD-like receptor pathway showed high significance in this study. NOD1 receptor is a major 

regulator for IL6, Atg16L1, and IL17 (figure 20). NOD-like receptor pathway (NLR) mediates 

innate immune response and pathogen recognition. Also, it activates downstream molecules like 

NF-Kappa B to activate proinflammatory response cytokines such as IL-1B. NOD1 is a potential 

therapeutic target for infection and inflammatory-related diseases such as atherosclerosis (Moreno 

and Gatheral (2013).  NOD1 recruits the Autophagy-associated gene Atg16L1 to the plasma 

membrane at the site of bacterial entry (Travassos, Carneiro et al. (2010)).  

It’s notable to mention that our analysis showed mmu-miR 362-P as a negative regulator for ATGs 

such as Atg10, DEGs such as CXCL5, and ELK 1 transcription factor (figure 20), proving that the 

NOD-like receptor pathway is a potential target for the interaction between ATGs and DEGs. In 

other words, a regulator for Atg16L1 and DEGs (such as IL6 and IL17A) in the innate immunity 

and inflammatory response regulation.  

None of the predicted miRNAs were previously reported to be involved in macrophage 

polarization. Although we did not validate the predicted mi-RNAs experimentally in vitro, proof 

from the literature shows that these miRNAs regulate transcription factors and downstream target 

genes in angiogenesis and inflammation. For instance, mmu-mir 149 regulates transcription factor 

SMAD1 and attenuates scar formation in wound healing by downregulating the proinflammatory 

cytokine IL6 (Lang, Zhao et al. (2017). In other studies, the systemic injection of anti-mir 26-a5 

in mice increased angiogenesis through SMAD1 expression (Icli, Wara et al. (2013)&Icli, 

Nabzdyk et al. (2016). The third miRNA, mmu-mir-17-5p, is also involved in angiogenesis 

(Banerjee and Sen (2015) 

Our results showed that the predicted target proteins (figure 22), Atg7, and Atg16L1 serve as 

central proteins for several signaling pathways in autophagy, macrophage polarization, and 

phagocytosis. We also found that during the inflammatory response, NOD-like receptor NOD1 

and NOD2 (figure 20) might be potential targets in macrophage polarization (figure 12). 
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Nevertheless, more experimental validation is needed for other predicted targets, such as Atg16L1, 

Atg7, MAP1LC3A, MAP1LC3B, IL6, ARG1, CD68, SMAD1and VAMP7 (figure 22).  

In the current study, we identify a new correlation between macrophage polarization and 

autophagy. This correlation is through IL17, NOD1, NF-Kappa-B, FOXO 1 signaling pathways, 

and transcription factors such as SMAD1, foxo1, and NOD1. Further experimental validation for 

these targets is needed. Moreover, our results suggest new therapeutic targets for inflammatory 

conditions such as wound healing through autophagy associated genes, especially Atg16L1, 

MAP1LC3A, MAP1LC3B, Atg10. Therefore, we picked Atg16L1, Atg7, MAP1LC3A, 

MAP1LC3B, IL6, ARG1, CD68, SMAD1and VAMP7 predicted targets to validate and investigate 

their role in the interplay between autophagy and macrophage activation in vitro.  

 

Macrophage activation (polarization) and phenotypic characterization 

Bone marrow-derived macrophages are a heterogeneous population consisting of several 

phenotypes M0 or Naïve Macrophages, M1 or proinflammatory macrophages, and M2a subset 

Anti-inflammatory macrophages. Bacterial lipopolysaccharide (LPS) is a structural component of 

gram-negative bacteria that is used to activate macrophages(Zhang, Zhang et al. (2019). When 

used in combination with type II interferon-γ M0 macrophages are activated to M1. While, LPS in 

combination with IL-4 activates M0 lineage to M2a (Zhang, Zhang et al. (2019)  

To characterize the phenotypes of the isolated bone marrow-derived macrophages and the 

activated macrophages in vitro, we investigated the expression of phagocytic markers CD68, IL6, 

and Arginase -1 among various macrophage populations (figure 7 &23). 

CD68 is a cell surface heavily glycosylated glycoprotein localized near the endosomal / lysosomes 

Compartment.  It is commonly used as a phagocytic marker in dendritic cells and strongly 

expressed in total macrophages, including M1 and M2 (Bisgaard, Mogensen et al. (2016)&( 

Chistiakov, Killingsworth et al. (2017). It is also a marker of tumor-associated macrophages 

Troiano, Caponio et al. (2019).  M0 and M1 macrophages were confirmed by the high expression 

of CD 68 more than (60%) as seen by flow cytometry (figure 25 C, G, and K ) and with 
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immunostaining (figure 26 D, E, and F ). M 2a subset exhibited the highest significant expression 

for CD 68 (84%, p-value <0.05). (Figure 27 B) 

Arginase -1 is a novel marker for activated M2a cells (Yang and Ming (2014). Arginase -1 

expression was analyzed by flow cytometry in all cell lineages. In M1 cells, the Arg-1+ expression 

was 20%, and M2a Arg-1+ expression was 46 % (p-value <0.0001, figure 27 A). However, M0 

showed a rare expression for Arg-1-  less than 2%.  Flow cytometry analysis showed Strong 

expression of Cd68 in both M1 and M2a, also the absence of Arginase -1 in M0 and its moderate 

expression M1 and high expression in M2a. Also, immunostaining studies for both CD68 and 

Arginase-1 supported the same results (figure 26 A, B, C, D, E and F). Altogether gives a positive 

characterization for all lineages, M0, M1, and M2a (Weischenfeldt and Porse (2008)& Huang, Li 

et al. (2018).  

Interleukin 6 (IL6) is a proinflammatory cytokine that we predicted to mediate the interplay 

between autophagy and macrophage activation (figure 24). It was confirmed by flow cytometry to 

be positive in M0, M1, and very low expression in M2a less than 25% (figure23 A). Interferon-γ 

and lipopolysaccharide combination promoted the expression of IL6 in M1 lineage at day (55%, 

p-value < 0.0001, figure 23 A &B). Besides phagocytosis, cytotoxic activity is one of the 

characteristics of bone marrow-derived macrophages (Uribe-Querol and Rosales (2020)& 

Krahenbuhl, Remington et al. (1980). Therefore, we co-cultured the neuroblastoma cell line 

shsy5y for 24 hrs. in conditioned media of M0, M1, and M2a receptively. When human 

neuroblastoma cells SH-SY5Y were co-cultured in IL6 +/CD 68+ M1 macrophages, high cell 

viability (99%) was with MTT cytotoxicity cell assay (Figure 30 D). Also, IL6 +/CD 68+ M1 

Lineage supernatant increased the proliferation of SH-SY5Y by increasing the mitotic partition 

coefficient (p-value = 0.001, figure 31 G). However, Arg-1+/CD68+ M2a macrophage supernatant 

showed cytotoxic effect on SH-SY5Y (figure 30 C, D) causing over 50% cell death (p-value < 

0.05). previously,  derived human macrophages were reported to have cytotoxic activity (Cameron 

and Churchill (1979). It was also reported that intro activated  M2a lineage has a cytotoxic effect 

on tumor cells ( Xu, Shen et al. (2018). Long and Beatty (2013) reviewed the cytotoxic and anti-

tumor properties of macrophages M2a through their ability to inhibit tumor angiogenesis, also 

reviewed it’s promising potential to be used  as immunotherapy  depending on their in-vitro 

polarization with interleukin -4  .Our findings show the cytotoxic activity M2a (Arg-1+/CD68+) 
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and it might hold a therapeutic potential as anti-tumor immunotherapy,  however  more work is 

needed to validate this finding.  

Although we were able to predict candidate targets; Atg16L1, Atg7, MAP1LC3A, MAP1LC3B, 

IL6, ARG1, CD68, SMAD1and VAMP7 (figure 22 ), the autophagy process is highly complex, 

and it is hard to identify the exact detailed machinery inside the activated macrophages. Flow 

cytometry studies on LC3A&B protein expression revealed that interferon-γ and 

lipopolysaccharide-induced macro-autophagy in IL6+/CD68+ M1. Also, Interleukin -4 and 

lipopolysaccharide combination induced macro-autophagy in Arg-1+/CD68+ M2a macrophages 

(figure 45 D, F and I &figure 46 A, B and D ).   

The following genes' gene expression level increased; Atg7, LC3A, LC3B in M1 (IL6+/CD68+) 

compared to M2a. We performed a sequence alignment between the 3 isoforms of the pre-auto 

phagosome marker Atg16L protein. High similarity was found between Atg16L1-1 and Atg16L1-

3 (figure 33 C &E). The expression of the Atg16L1-1 variant increased from 3 folds to 30 folds 

from day 7 to day 14 polarization. However, Atg16L1-3 variant expression decreased from 19 fold 

to 1.5 fold from day 7 to day 14 polarization in M2a macrophages (Arg-1+/CD68+ M2a) (p-value 

< 0.05, (figure 34 A, B , C and D ).  

Confocal microscopy and Z-stack reconstruction for Atg7 and LC3A & B proteins (figure 44 B, 

D, and F ) were performed, followed by quantification of LC3A&B, Atg7, and Atg16L1 staining. 

M1 (IL6+/CD68+) and M2a (Arg-1+/CD68+) activated macrophages showed higher staining 

indicating increased autophagic activity when compared to the M0 (IL6+/CD68+) control 

macrophages. Putting these findings together, we can conclude that significantly INFγ and IL4 in 

combination LPS induced macro-autophagy in both M1 and M2a lineages at day 7 polarization. 

Yang, Yang et al. (2019) reported that INFγ induced autophagy in hepatocellular carcinoma cells 

through increased LC3 A&B expression. Macro-autophagy increased in INF-γ + T cells. This was 

also correlated to the pathogenesis of systemic lupus nephritis (Luo, Yuan et al. (2018).  Increased 

autophagy activity in macrophages was found to increase the phagocytosis of Mycobacterium 

tuberculosis by the INF-γ signaling pathway (Singh, Kansal et al. (2018). IL-4 induced macro-

autophagy in antigen-presenting B cells and is linked to asthma's pathophysiology(Xia, Deng et 

al. (2018). Finally, it is noteworthy to mention that IL-4 boosted autophagy induction to form 
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LC3A&B aggregates (figure 44 B, D, and F). The average number of spots increased significantly 

per cell ( p-value < 0.05 ), indicating high autophagy activity (figure 46 A ). 

 

Macro-Autophagy interplays with Macrophages activation through CD68 and Arginase-1 in 

phagocytosis process:  

 

As mentioned previously, we verified the polarization of isolated bone marrow-derived 

macrophages to M0 (IL6+/CD68+), M1 (IL6+/CD68+), and M2a (Arg-1+/CD68+) lineage 

macrophages. We also concluded that INFγ and IL-4, combined with LPS induced macro-

autophagy in M1 (IL6+/CD68+) and M2a (Arg-1+/CD68+) macrophages. Moreover, we reported 

the overexpression of Atg16l-3 (p-value < 0.05) and VAMP7 (p-value <0.05) in M2a (Arg-

1+/CD68+) macrophages at day 7 polarization, and the overexpression of Atg16L1-1 variant in 

day 14 polarization in M2a (Arg-1+/CD68+) (p-value < 0.05). Flow cytometry studies revealed 

that macrophages at day 14 polarization showed a decreased arginase expression (figure 48 A, p-

value < 0.05) in M0, M1, and M2a lineage when compared with day 7 polarization (figure 27 A ). 

Also, M1 and M2a showed a decreased CD68 expression when they compared to M0 ctrl at day 

14 figure (48 A). so at day14 polarization, the characterized phenotypes are Arg-1-/CD68+ M0, 

Arg-1-/CD68+ M1, and Arg-1-/CD68+ M2a lineage. Interesting note that smad1 transcription 

factor overexpressed in Arg-1-/CD68+ M2a lineage 10 folds (** p-value <0.05) (figure 42 A&B). 

Also, flow cytometry analysis revealed that (* p-value <0.05) SMAD1 expression was high in Arg-

1+/CD68+ M2a at day 14 polarization (figure 42 C). from these results, we can conclude 14-day 

polarization resulted in the loss of arginase expression and increased autophagy-related gene 

expression atg16l1-1. Since Arginase -1 is a phagocytic marker for M1 and M2a especially, loss 

of expression of Arg-1 indicates loss of activation in M1 and M2a lineages at day 14 polarization 

( Rőszer (2015). Interestingly, Atg16L1-1 alpha showed a 30-fold increase in M2a day 14 

polarization than M2a D7 polarization. Also, the Atg16L1-3 Gamma variant showed an 18-fold 

increase in M2a d7 than M2a d14 polarization. The same as for vamp7 in M2a d7 showed a 10-

fold increase than M2a day 14 polarization (figure 34 A, B, C, D, E, and F). These studies refer to 

that high autophagy activity at day 14 polarization can attenuate arginase -1 expression. However, 

(Luo, He et al. 2020) reported autophagy is required for Arginase-1 expression in alternatively 

activated M2a at day 7 polarization.  
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For better understand the interplay between autophagy and phagocytosis, we blocked the 

autophagosome and lysosomal fusion with autophagy inhibitor Bafilomycin –A in a dose of 200 

Nano Molar Conc.  (200 n.M) for 18 hrs incubation Sotthibundhu, McDonagh et al. (2016). Flow 

cytometry studies showed increase of expression of CD68 and Arginase-1 in M1 (Arg-1+/CD68+) 

cells (p-value < 0.05, and < 0.05, respectively). These results indicate autophagy inhibition by 

Bafilomycin -A, increased CD68 and Arg-1 expression in all lineages M1 and M2a, including the 

control M0. (Lapaquette, Guzzo et al. (2015) Reported Bafilomycin- A induced autophagy 

inhibition and (knockdown of autophagy-related protein  Atg5) promoted M2 polarization.  

 

From systems biology approach and Pathway enrichment analysis revealed that autophagy-related 

proteins, Atg16L1, Lc3A&B, Atg7 were enriched in the NOD-like receptor pathway (figure 22, 

figure 12). It is well established that Nod-like receptor pathway has a critical role in the pathogen 

phagocytosis process. (Franchi, Warner et al. (2009) &Creagh and O'Neill (2006) . We 

examined phagocytosis markers Arginase -1, and Cd 68 in all cell lineages with flow cytometry 

revealed high expression of CD 68 in M0, M1, and M2a at day 7 polarization.  

 

Our findings summarized that upon autophagy inhibition with Autophagy inhibitor Bafilomycin –

A, CD68, and Arginase -1 expression strongly increased in all cell lineages at day 7 polarization. 

Necessarily, we performed phagocytosis assay in all cell lineages at day 7 polarization.  

Phagocytosis assay is one of the functional assays for immune cells such as macrophages and 

dendritic cells (Schulz, Severin et al. (2019). Phagocytosis assay was performed by testing the 

ability of M0, M1, and M2a cells to engulf heat-killed E. coli bacteria (figure 51). Finally, we 

induced autophagy using Earle Balanced salt (EBS ) induction medium in  M0 (IL6+/CD68+), M1 

(IL6+/CD68+), and M2a (Arg-1+/CD68+) cells to test their phagocytic activity on heat-killed E- 

Coli bacteria. Interestingly, M0 (IL6+/CD68+), and M1 (IL6+/CD68+) cells showed significant 

phagocytic activity (p-value <0.0001, and < 0.05, respectively figure 51- D). However, M2a (Arg-

1+/CD68+) cells showed decreased phagocytic activity, however, we previously reported 

autophagy inhibition with bafilomycin –A in M2a (Arg-1+/CD68+) cells significantly increased 

the expression of CD68 (p-value<0.05, figure 50 -A). several studies reported autophagy induction 

altered macrophage polarization and altered M2a phagocytic function. Liu, Zhao et al. (2015). 
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Thomson, Turnquist et al. (2009) reported,  autophagy induction via rapamycin drug an (m-TOR 

pathway inhibitor)  induced autophagy and inhibited phagocytic activity in dendritic cells. In 

summary, Autophagy Inhibitor Bafilomycin Significantly increased CD68 Expression and 

Increased Arginase 1 Expression in M0, M1, and M2a Lineages & Autophagy induction decreased 

the phagocytosis activity of M2a but not M1.  

 

The potential therapeutic role for autophagy-related protein Atg16L1  

As mentioned earlier, Atg16L1 is the most important hub protein in macro-autophagy and 

macrophage polarization. Overexpression of Atg16L1-3 and VAMP7 in M2a at 7 days of 

polarization and the increased number of cytoplasmic pre-auto phagosomes suggests that Atg16L1 

is essential for IL4 induced macro-autophagy in M2a (Arg-1+/CD68+) cells. Also, autophagy 

induction decreased the phagocytic ability of M2a (Arg-1+/CD68+) cells. (Wolfkamp, Verseyden 

et al. (2014) reported,  Atg16L1 mutation increased the phagocytosis ability of monocytes isolated 

from Crohn’s disease patients. In another study, Zhu, Li et al. (2018) reported autophagy inhibition 

by 3-MA (autophagy inhibitor) increased the phagocytic ability of macrophages and rescued mice 

from MRSA (Methicillin-Resistant staph aureus)   bacterial infection. Therefore, we suggest that 

Atg16L1 might serve as t therapeutic target for the treatment of altered phagocytosis related 

diseases such as Bacterial Infection, inflammation, lupus nephritis, and cancer.  Further studies for 

this target protein are needed.   
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CONCLUSION 

In conclusion , our systems biology approach enabled us to predict the protein targets that mediate 

interplay between autophagy and macrophages polarization . Through narrowing down a 249 

autophagy related gene and 250 differentially expressed gene responsible  for M1-M2 polarization. 

We concluded Atg16L1, Atg7, MAP1LC3A, MAP1LC3B, IL6, ARG1, CD68, SMAD1and 

VAMP7are the target protein . Afterwords we validated these targets after invitro generation of 

three activated bone derived macrophage lineages ; (IL6+/CD68+) M0 φ, (IL6+/CD68+/Arg-1 +) 

M1 φ and (CD68+/Arg-1) M2a φ lineages. We report Interleukin 4 induced macroautophagy in 

(CD68+/Arg-1) M2a φ . Z stack images for LC3A&B and  Atg7 showed  autophagic aggregates 

formation in both M1 and higher in M2a lineage . More over ,  Autophagy Inhibitor Bafilomycin 

Significantly increased CD68 Expression and Increased Arginase 1 Expression in M0, M1, and 

M2a Lineages. Autophagy induction decreased the phagocytosis activity of M2a but not M1. Our 

findings showed the cytotoxic activity M2a (Arg-1+/CD68+) and it might hold a therapeutic 

potential as anti-tumor immunotherapy,  however  more work is needed to validate this finding. 

putting all these findings together , we suggest autophagy repogramms macrophages M1 and M2a 

through decreasing the phagocytosis markers  expression of CD68 and Arginase -1 in Atg16L1-3 

dependent manner. Atg16L1-3 might be a therpautic target for increasing the macrophages activity 

through it’s inhibition  and more research is recommended.  
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