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Abstract 
Autophagy is Indispensable for Normal Maturation and Function of Macrophages 

and Neutrophils 

Amanda Jane Stranks, University College, Oxford 

Thesis submitted in fulfilment of the requirements for the degree Doctor of Philosophy, 

University of Oxford, Trinity Term, 2013 

Macrophages and neutrophils are vital cells of the immune system, performing crucial innate 

functions and bridging innate and adaptive immunity. However, inappropriate activation or poor 

resolution of responses results in chronic inflammatory and autoimmune conditions due to 

accumulation of myeloid cells and uncontrolled cytokine production, as is commonly seen in the 

aging immune system. It is not clear what is required to maintain healthy myeloid cells throughout 

life or what links inflammation and myeloid dysfunction during the aging process.  

We have shown that autophagy, a vital intracellular degradation mechanism, is required for normal 

macrophage innate and adaptive immune functions such as phagocytosis and antigen presentation, 

as well as being an important regulator of the inflammatory response.  Loss of autophagy also 

results in reduced surface antigen expression and increased glycolysis.  We found that autophagy-

deficient macrophages have a similar phenotype to aged macrophages. Furthermore, aged 

macrophages exhibit reduced autophagy compared with young macrophages, suggesting a link 

between reduced autophagy and acquisition of the aging macrophage phenotype. Finally, we show 

that autophagy plays a vital role in normal neutrophil differentiation, with autophagy-deficient 

neutrophils exhibiting altered nuclear morphology and aberrant granule formation. 

These data show that autophagy plays a critical role in the maintenance of essential macrophage 

homeostasis and functions by regulating inflammation and metabolism, thereby preventing 

immunosenescence. We postulate that autophagy modulation in macrophages and neutrophils may 

be used to prevent excess inflammation, such as in inflammatory and autoimmune diseases. 

Moreover, inflammation due to aging may potentially be delayed by induction or preservation of 

autophagy, which could improve immune responses and reduce the morbidity and mortality 

associated with “inflamm-aging”.
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1.1 Autophagy 

The word ‘autophagy’ comes from the Greek auto (self) and phagy (to eat), and describes 

a catabolic intracellular pathway for the degradation of bulk protein aggregates and 

organelles. The pathway is an evolutionarily-conserved process ubiquitous to all 

eukaryotic cells(1) and is controlled by the autophagy-related genes (Atg). Autophagy has 

two central physiological roles; degradation of damaged organelles, and recycling 

cytoplasmic elements to recover amino acids to maintain homeostasis during periods of 

starvation. Autophagy plays a critical role during cellular development and 

differentiation(2), cell death(3) and has been linked to cancer(4) and aging(5).  It also 

plays diverse roles in innate and adaptive immunity, including immunity to intracellular 

pathogens(6), regulation of the inflammatory response(7), and antigen presentation(8, 9), 

and is important in several diseases, including Crohn’s disease(10), diabetes(11), 

Alzheimer’s(12) and Huntington’s disease(13).  

1.2 Autophagy pathways 

Autophagy can describe one of several pathways that facilitate digestion of cytoplasmic 

contents in lysosomes - including macroautophagy, microautophagy and chaperone-

mediated autophagy. Classical macroautophagy, hereafter denoted autophagy, describes 

the sequestration of cytoplasmic contents by a double-membraned vesicle termed the 

autophagosome, which fuses with a lysosome for degradation of the internal contents. The 

degraded cargo is then recycled into the cytoplasm and the energy, nucleotides and other 

building blocks reused in times of cellular stress or starvation(14). Classical autophagy is 

the main focus of this thesis.  

Microautophagy differs from classical autophagy in that cytosolic contents are degraded 

by direct invagination of the lysosome, rather than first being sequestered by the 
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autophagosome(15). Microautophagy allows maintenance of organelle size, membrane 

homeostasis, and cell survival during episodes of starvation, and uses similar molecular 

machinery to classical autophagy. 

Chaperone-mediated autophagy (CMA) refers to a selective form of autophagy that 

modulates the degradation of specific soluble proteins(16). Proteins degraded by CMA 

contain a motif in their amino acid sequence required for targeting to lysosomes(17). The 

motif is recognised by the chaperone heat shock cognate protein of 70 kDa (Hsc70), which 

directs the protein to the lysosome, where the protein-chaperone complex docks at the 

lysosome-associated membrane protein type 2A (LAMP-2a), which acts as a receptor for 

CMA. The protein then unfolds and is translocated across the lysosomal membrane for 

degradation(15). 

1.3 Autophagy signalling 

Autophagy is tightly regulated, both during development(18) and by extracellular stimuli 

such as growth factors(19), cytokines(20) and pathogen components such as LPS(21). The 

Atg genes were identified during genetic screens of yeast mutants(22) and, to date, 36 

autophagy-related genes have been described(23). Mammalian orthologs have been 

identified for many of the genes, and their functions identified within the autophagy 

pathway. 

The two key molecules in autophagy regulation are serine/threonine kinase mammalian 

Target of Rapamycin (mTOR) and the class I and class III phosphoinositide 3-kinases 

(PI3Ks), whose actions on downstream molecules inhibit or initiate autophagy 

respectively. During optimal growth factor signalling, mTOR is activated by class I PI3K 

action upon phosphatidylinositol-3,4,5-triphosphate  (PtdIns(3,4,5)P3), and autophagy is 

inhibited(24), as illustrated in figure 1. Thus, inhibitors of mTOR or class I PI3K, such as 
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rapamycin and PTEN, respectively, induce autophagy. Under starvation conditions, 

however, class III PI3K positively regulates autophagy by producing phosphatidylinositol-

3-phosphate (PtdIns3P), an essential molecule for the complex required for autophagy 

induction(25).  Thus, PI3K inhibitors such as 3-methyladenine (3MA) and wortmannin are 

inhibitors of autophagy(26).  

 

Figure 1 – Autophagy is closely regulated by a variety of signalling pathways, responding to extra- and 

intra-cellular signalling. Red boxes highlight the inhibitory type I PI3K pathway, which consists of 

PtdIns(4,5)P2 and PtdIns(3,4,5)P3, phosphoinositide-dependent  kinase (PDK1) and Akt (also known as 

protein kinase B), which phosphorylate a GTPase-activating protein for the protein Rheb (not shown), whose 

GTP form activates mTOR, resulting in the inhibition of autophagy. Other inhibiting pathways (in red) 

include nutrient signalling through the Ras/Protein kinase A (PKA) pathway and inhibitors of PI3K such as 

Wortmannin and 3MA. Green boxes highlight the major inducing pathway, via the type III PI3K, which 

produces PtdIns(3)P, an essential component of autophagosome formation. Other inducing pathways (in 

green) include nutrient-derived inhibition of ERK 1/2, ROS, Rapamycin, and decreases in cellular ATP 

which inhibit mTOR via the action of AMP-activated protein kinase (AMPK).  Phosphatase and tensin 

homolog (PTEN) hydrolyses PtdIns(3,4,5)P3 to PtdIns(4,5)P2, counteracting the action of the type 1 PI3K 

pathway and inducing autophagy. 

In addition to class I and III PI3K activity, mTORC1 can be regulated by cellular energy 

changes through the AMPK/TSC pathway, and thereby control autophagy initiation(27). 

AMPK is a sensor of the AMP/ATP ratio within the cell and, during conditions of low 

Growth factors Amino acid 

signalling 
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PtdIns(3)

Class I PI3K 

PtdIns(3,4,5)P3 PtdIns(4,5)P2 

Akt 

mTOR 

Insulin receptor 

PTEN Wortmannin, 

3MA 

Rapamycin 

ROS 
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energy or metabolic stress, phosphorylates Tuberous sclerosis protein 2 (TSC-2), 

inhibiting mTOR or directly activating autophagy by phosphorylation of ULK1 

(mammalian Atg1) and Beclin 1(mammalian Atg6)(27). Autophagy can also be regulated 

via the cAMP pathway, where elevation of intracellular cAMP levels is an inhibitor of 

autophagy through PKA activity(28). 

1.4 The Mammalian Autophagy pathway 

Initiation of autophagy requires stepwise recruitment of autophagy proteins into multi-

protein kinase complexes. Cellular starvation induces phosphorylation of ULK1(29) and 

Atg13, allowing the formation of the ULK1-Atg13-FIP200 complex (FIP200 is 

mammalian Atg17(30)), which is essential for autophagosome development(31). 

Concomitantly, Beclin-1 associates with Atg14 and activated-type III PI3K (also called 

Vps34) to form a second essential kinase complex(32, 33). The membrane components 

required for autophagosome formation are recruited under the control of Atg9(34) to the 

pre-autophagosomal structure (PAS), where the isolation membrane is formed. Autophagic 

membranes are thought to originate from various sources, including mitochondria, Golgi, 

the plasma membrane and the endoplasmic reticulum (ER)(23, 35, 36). Elongation of the 

isolation membrane is mediated by two ubiquitin-like conjugation systems (Figure 1.2), 

through which Atg 12 is conjugated to Atg5(37), and LC3 (mammalian Atg8) is modified 

via a lipidation reaction with phosphatidylethanolamine (PE)(38). The C-terminal glycine 

residue (G140) of Atg12 is coupled to a lysine residue of Atg5 by the action of the E1- and 

E2- like enzymes Atg7 and Atg10.  This complex binds Atg16 and attaches to the exterior 

of the isolation membrane.  In the second system, LC3 (Atg8) is cleaved of five C-terminal 

amino acids by Atg4, exposing a glycine residue (G120) that is then transferred to PE, 
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catalysed by the E1- and E2- like enzymes, Atg7 and Atg3. The lipidation of LC3 causes a 

conformational change necessary for membrane formation(39). 

 

Figure 1.2 – Two ubiquitin-like conjugation systems are essential for the formation of the 

autophagic membrane.  Atg7, homologous to the E1 ubiquitin-activating enzyme, hydrolyses ATP 

to activate Atg12 through the formation of a thioester bond between the C-terminal glycine of 

Atg12 and the activated cysteine on Atg7. Activated Atg12 is then transferred to the active site of 

Atg10, an E2-like enzyme, which allows Atg5 to be conjugated to Atg12 by the formation of an 

isopeptide bond.  Atg12-Atg5 is then complexed to Atg16, which then forms a tetramer to facilitate 

the construction of the multimeric complex. The Atg8-PE complex begins with the cleavage of the 

C-terminal arginine of Atg8 by Atg4, a protease. The resultant exposed glycine is bound to the 

active cysteine site of Atg7, and the activated Atg8 transferred to another E2-like enzyme, Atg3.  

Finally, Atg3 catalyses the conjugation of Atg8 to Atg8-PE.  Both complexes facilitate vesicle 

formation at the pre-autophagosomal structure. Adapted from Ref. (40). 

Following autophagosome completion (figure 1.3), the Atg5-Atg12-Atg16 complex 

dissociates away and the LC3-PE complex is de-conjugated by Atg4.  Atg8 remains bound 

to the internal membrane of the autophagosome where it is degraded.  The exact function 
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of either complex is unknown, although it is postulated that the Atg5-Atg12-Atg16 

complex may play a role in determining the curvature of the developing phagosome(41), 

whereas LC3 (Atg8) may form a membrane anchor for autophagy substrates(42).   

 

Figure 1.3 – Schematic overview of autophagy. The Atg6-PI3K and Atg1 kinase complexes 

together initiate autophagosome formation in response to mTOR signalling. Two ubiquitin-like 

pathways give rise to the Atg8/LC3-PE and Atg5-Atg12-Atg16 complexes, which are integral in 

formation of the isolation membrane. Once the autophagosome is complete, the Atg5-Atg12-Atg16 

complex recycles into the cytoplasm, whereas Atg8 remains associated with the internal membrane 

of the phagosome.  The pathway is completed when the autophagosome fuses with late endosomes 

and lysosomes, and the internalised cargo is degraded. 

Once substrates have been fully packaged, the autophagosome undergoes a series of 

maturation steps, which may include fusion with endosomes to form the amphisome(43), 

and finally fuses with a lysosome to form the autolysosome, a process that involves 
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Rab7(44, 45). Once fusion is complete, the contents of the autolysosome are degraded and 

released into the cytoplasm for recycling. 

1.5 Degradation substrates 

In addition to its role in survival during starvation periods, autophagy functions to remove 

misfolded proteins or protein aggregates, and damaged organelles from the cytoplasm. 

Accumulation of abnormal proteins and organelles is a common feature in cells in which 

autophagy has been ablated or reduced(46, 47). Specific organelle degradation has also 

been observed, giving rise to the terms mitophagy (degradation of mitochondria), 

pexophagy (peroxisomes), ribophagy (ribosomes), ER-phagy (ER) and nucleophagy 

(nuclei)(48-52). Accumulation of damaged organelles or protein aggregates can cause 

serious cellular damage and contribute to the development of degenerative diseases such as 

Alzheimer’s(12) and promote tumorigenesis(53). Accumulation of damaged mitochondria 

is also highly detrimental to cells, and can inhibit maturation and survival of red blood 

cells (RBCs) and T lymphocytes(54, 55). 

1.6 Use of degradation products 

One of the primary objectives of autophagy is to recycle amino acids from intracellular 

constituents during times of starvation. The recycled amino acids are then thought to be 

used in three ways.  Firstly, during extended periods of starvation when carbohydrate 

stores have been consumed, gluconeogenesis occurs in the liver to generate further 

glucose, a process which requires amino acids(56). Secondly, amino acids are processed 

through the tricarboxylic acid (TCA) cycle into energy. Finally, amino acids generated 

through autophagy can be used for protein synthesis, which is vital for cellular adaption 

during starvation periods(56).  
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1.7 Thesis Summary: The role of autophagy in macrophage 

and neutrophil development and function 

The aim of the research presented in this thesis was to investigate the role(s) of autophagy 

in the development and function of macrophages and neutrophils using a mouse model in 

which the essential autophagy gene, Atg7, was selectively deleted in the hematopoietic 

system.  Loss of Atg7 in the hematopoietic system, among other symptoms, gives rise to a 

significant myeloproliferation characterised by increased numbers of macrophages and 

neutrophils in hematopoietic and non-hematopoietic tissues, many of which show signs of 

immaturity. Previous work in our lab had shown that this myeloproliferation was not 

leukemic in nature(57), and thus this work explores alternate hypotheses for increased 

immature myeloid burden in the tissues. The main focus of this work, however, was 

investigating the links between autophagy and normal macrophage and neutrophil 

function.  This thesis presents novel roles for autophagy in normal macrophage biology 

and function, and uncovers a requirement for autophagy in normal neutrophil 

development. Furthermore, links between defective or reduced autophagy and altered 

immune function in aging are investigated, due to the known connections between 

autophagy and aging. The data described herein suggest that interventions involving 

modulation of autophagy in the immune system may be beneficial to prevent or improve 

altered innate immune function with aging, and suggest areas for future research into 

maintenance of autophagy levels during aging in the hope of retaining improved immune 

function in later life.
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2.1 Mice 

All mice were bred and housed in the animal facilities at Biomedical Services Oxford.  

Mice were maintained in filter top cages under SPF conditions and fed ad libitum. 

Atg7
flox/flox

 mice were obtained from M. Komatsu and vav-iCre mice were kindly gifted by 

D. Kioussis, London. Wildtype controls for each experiment were taken from Atg7
flox/flox

; 

Cre
-
 , Atg7

flox/wt
; Cre

-
 or Atg7

flox/wt
; Cre

+
 littermate controls of the experimental 

Atg7
flox/flox

; Cre
+
 mice, and were used interchangeably, as no phenotype was observed in 

the heterozygous mice. All mice were bred on a C57BL/6 background and all procedures 

were carried out in accordance with the Home Office Animals (Scientific Procedures) Act 

1986 and as allowed under personal and project licences (PIL: 30/8801; PPL:30/2809). 

Experimental mice were used at 7 – 8 weeks of age unless otherwise specified. 

2.2 Genotyping 

DNA extraction and PCR 

Mice were identified and genotyped by ear tissue samples.  Small tissue sections were 

digested for 2 hrs at 55° C in lysis buffer (5mM EDTA, 0.1 M Tris-HCl, 0.2% SDS, 0.2 M 

NaCl and 7.8 mg/ml proteinase K [Sigma]) and solids pelleted by centrifugation (16000 

× g, 10 min).  Supernatant was transferred to a clean Eppendorf tube and DNA precipitated 

using an equal volume of isopropanol and gentle mixing by inversion.  The resultant 

precipitate was pelleted (16000 x g, 10 min) and washed in 70% ethanol.  Following air 

drying, the DNA was dissolved in 50µL MilliQ water and incubated at 65° C for 30 min to 

aid suspension.  DNA samples were stored at -20° C. 
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All PCR reactions were carried out in a total volume of 20 µL, using MyTaq™ Red Mix 

combined PCR mix (Applied Biosystems, USA).  Primers for the Cre and Atg7 flox 

transgenes were as follows: 

iCre PCR 

iCre-Fwd: 5’-AGATGCCAGGACATCAGGAACCTG-3’ 

iCre-Rev: 5’-ATCAGCCACACCAGACACAGAGATC-3’ 

Atg7 flox PCR 

(WT fwd Primer) 752: 5’-CCATGCTGATGGCTAATGTCTC-3’ 

(Flox fwd Primer) 753: 5’-CTGCAGGAATTCGATATCATAACTTCG-3’ 

(Reverse Primer) Atg7-14R: 5’-GTCCAGAGTCCGGTCTCTGGTTG-3’ 

DNA was amplified under the following conditions: 

1. 95° C, 1 min 

2. 95° C, 15 sec 

3. 55° C, 15 sec 

4. 72° C, 10 sec 

5. 30× cycles from step 2 

6. Hold at 4° C 

Amplified DNA was analysed on a 2% agarose gel (Invitrogen), prepared in 50 ml 1× TBE 

buffer (45 mM Tris-Borate, 1mM EDTA, stained with 5 µL SYBR® Safe DNA Gel Stain 

[Invitrogen, Life Technologies]). Gels were run at 70 V for ~35 min until the bands were 

sufficiently separated. 

2.3 Preparation of Primary Cells 

Bone Marrow-Derived Macrophages 

Bone marrow-derived macrophages (BMMɸ) were obtained by crushing hind limb bones 

from 6 – 9 week old mice in PBS/5% FCS.  The bone marrow suspension was filtered 

through 70 µm cell strainers (BD Falcon) and counted by Trypan Blue (Sigma) exclusion.  
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Macrophages were cultured in RPMI 1640 (Invitrogen) supplemented with FCS (10%), 

glutamine, penicillin, streptomycin and 20 ng/ml recombinant murine M-CSF (Peprotech). 

Cultures were maintained at 37° C/5% CO2 and fed 50% of the initial volume of media on 

the third day after plating. Macrophages were stimulated on day 7 as described in the 

relevant figure legends. Macrophages were identified in all flow cytometry experiments as 

F4/80
+
CD11b

+ 
double positive cells.  An example of the gating strategy for identifying 

macrophages is shown below (figure 1): 

 

Peritoneal Macrophages  

Unstimulated macrophages were harvested by injection of 5 ml of PBS/5% FCS into the 

peritoneal cavity using a 19 gauge needle, gentle massage to dislodge cells and recovery of 

4 ml of injected solution. Recovered cells were placed on ice, washed with 5 ml PBS/5% 

FCS and either used immediately or cultured at 37° C overnight in R10, supplemented 

with 20 ng/ml M-CSF. 

Splenic Macrophages 

Spleens were harvested in PBS/5% FCS and maintained on ice until use.  A single cell 

suspension was created by gentle disruption through a 70 µM filter using the blunt end of a 

syringe, with frequent rinses of PBS/5% FCS (approximately 10 ml).  Cells were washed 

in 10 ml PBS and centrifuged at 1000× g to pellet for 5 min.  The supernatant was 
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removed and replaced with 1 ml 1× RBC Lysis buffer (eBioscience), and incubated at 

room temperature for 5 min.  The lysed cells were washed in a further 10 ml of PBS/5% 

FCS, re-suspended in R10 supplemented with 10 ng/ml M-CSF and macrophages were 

allowed to adhere to the culture dish overnight at 37° C.  The following day, non-adherent 

cells were rinsed away with ice cold PBS, and the splenic macrophages harvested with ice-

cold PBS/FCS/0.1M EDTA. 

Neutrophils 

Neutrophils were harvested from the peritoneal cavity in the same manner as described 

above for macrophages. Neutrophils were isolated ex vivo from bone marrow by producing 

a single cell suspension in the same manner described above for BMMɸ, and used 

immediately for flow cytometry, or stimulated overnight as described in relevant figure 

legends.  Blood neutrophils were also used in several experiments.  Blood was collected in 

heparinized tubes from heart puncture following euthanasia, and centrifuged at 1000× g to 

pellet the cells.  RBCs were lysed with 1 ml of 1× RBC Lysis buffer (eBioscience) at room 

temperature for 5 min and washed in a further 10 ml of PBS/5% FCS prior to being stained 

for analysis. 

MACS enrichment 

Magnetic cell labelling was used to positively enrich peritoneal exudates or bone marrow 

suspensions for macrophages or neutrophils.  Macrophages were collected as described 

above, pelleted by centrifugation (300 × g, 10 min), and the supernatant discarded.  The 

cell pellet was re-suspended in 90 µL of MACS buffer (PBS pH 7.2, 0.5% BSA and 2 mM 

EDTA) to which 10 µL of anti-F4/80 PE (eBioscience) antibody was added, and incubated 

for 15 min at 4° C.  This was followed by 20 µL anti-PE MicroBeads (Miltenyi Biotech), 

and further 10 min incubation. The cells were then washed in 2 ml of buffer, the 



Chapter 2 – Materials and Methods 

Page | 24  

 

supernatant was removed and discarded, and the cell pellet was suspended in 500 µL of 

buffer. An MS separation column (Miltenyi Biotech) was placed in the separation magnet 

and rinsed with 500 µL of MACS buffer prior to the addition of the cell suspension to the 

column.  After the cells had passed through the column, the column was rinsed 3× with 

500 µL MACS buffer and the unlabelled cell fraction collected and kept on ice.  Labelled 

macrophages were then collected by removing the column from the magnet and flushing 

with 1ml of buffer and depressing the syringe firmly.  Bone marrow neutrophils were 

enriched in a similar manner using anti-Ly6g MicroBeads (Miltenyi Biotech). 

2.4 qPCR 

RNA extraction 

Cells were pelleted (16000×g, 15 min) and supernatant discarded before re-suspension in 

1ml Trizol reagent (Invitrogen) per 3 × 10
6
 cells.  Cells were allowed to lyse for 2 hrs or 

overnight. 200 µL of chloroform/isomyl (49:1) (Fluka) was added to each tube and mixed 

by inversion.  Phases were separated by centrifugation (16000 × g, 15 min, 4° C) and the 

aqueous phase transferred to a fresh Eppendorf tube before precipitation with 500 µL of 

isopropanol.  Following 15 min of incubation at room temperature, RNA was pelleted 

(16000 × g, 15 min, 4° C) and washed in 200 µL ice cold 70% ethanol.  The pellet was 

allowed to air dry, prior to re-suspension in 10 – 20 µL DEPC-H2O (Invitrogen).  RNA 

concentration and quality was determined using a NanoDrop spectrophotometer (Thermo 

Scientific USA). Samples were stored at -80° C. 

Reverse Transcription 

RNA was reverse transcribed to cDNA using a High Capacity RNA to cDNA kit (Applied 

Biosystems). All reactions were completed in 20 µL (9 µL RNA, 1 µL RT Enzyme Mix 
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[20×] and 10 µL RT Buffer Mix [2×]) per tube. Reactions were incubated at 37° C for 1 

hr, followed by 5 min at 95° C, and finished with 10 min at 4° C.  Transcribed cDNA was 

stored at -20° C until analysis by qPCR. 

Real-time qPCR 

The comparative Ct (ΔΔCT) method was used to evaluate relative gene expression in 

wildtype and Atg7
-/- 

macrophages and neutrophils under different conditions. Validated 

TaqMan primer probes (Applied Biosystems) were used for all reactions (Table 1). 

Quantitative PCR reactions were carried out in a total of 20 µL (9 µL reverse transcribed 

RNA, 10 µL TaqMan® Gene Expression Mix [Applied Biosystems] and 1 µL of the 

relevant 20× TaqMan probe) in 96 well MicroAmp® reaction plates (Applied Biosystems) 

sealed with MicroAmp Optical Adhesive Film (Applied Biosystems). Reactions were 

completed in standard mode of a 7500 Fast Real-time PCR system (Applied Biosystems).   

Cycling conditions were as follows: 

1. 50° C, 2 min 

2. 95° C, 10 min 

3. 95°, 15 sec 

4. 60° C, 1 min 

5. 40× cycles from step 3.  

Table 1: List of TaqMan probes used in qPCR experiments: 

Gene TaqMan Gene 

Expression Assay ID 

RefSeq 

Atg7 Mm00512209_m1 NM_028835.3 

Gapdh Mm99999915_g1 NM_008084.2 

Atg6 Mm01265461_m1 NM_019584.3 

Atg5 Mm01187300_m1 NM_053069.5 

TLR4 Mm00445273_m1 NM_021297.2 

M-CSFR Mm01266652_m1 NM_001037859.2 

HIF-1α Mm00468869_m1 NM_010431.2 
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Nrf2 Mm00477784_m1 NM_010902.3 

SOCS3 Mm00545913_s1 NM_007707.3 

Cepbε Mm02030363_s1 NM_207131.1 

H2-Ab1 

(MHC II) 

Mm00439216_m1 NM_207105.2 

MMP9 Mm00442991_m1 NM_013599.2 

Lactoferrin Mm00434787_m1 NM_008522.3 

MPO Mm01298424_m1 NM_010824.2 

 

2.5 Flow Cytometry and Image Stream Analysis 

Surface markers 

Macrophages were harvested by removing the incubation media, replacing with cold 

FACS buffer (PBS, 5% FCS and 0.2% azide) and gently pipetting up and down to dislodge 

the cells.  Cells were then transferred to the appropriate wells of a round-bottomed 96 well 

plate for staining and analysis, and centrifuged (1500 × g, 5 min) to form pellets.  The 

supernatant was discarded.  Pellets were re-suspended in 50 µL of the relevant antibody 

mix and the plate was covered in foil before incubation for 20 min at 4° C on a shaker.  

Following incubation, each pellet was washed with 250 µL of FACS buffer and 

centrifuged at 1500 × g for 5 min.  Cells that were to be analysed immediately were re-

suspended in FACS buffer and transferred to FACS tubes or small Eppendorf tubes as 

appropriate.  Cells to be analysed at a later date were re-suspended in 300 µL of FACS 

fixation solution (PBS, 2% paraformaldehyde and 1% FCS) and kept at 4° C, protected 

from light with foil. Table 2 lists the antibodies and other reagents used for experiments. 
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Table 2 – Reagents used for flow cytometry analysis 

Antibody Flurochrome 

Or Ex/Em 

Supplier Experimental 

Dilution 

Annexin V PE BD Biosciences 1:1000 

Annexin V binding 

buffer 

N/A BD Biosciences 1× 

Anti-caspase 3 FITC BD Biosciences 1:20 

Anti-goat IgG Alexa fluor 488 Invitrogen 1:500 

Anti-mouse CD11b eFluor450 eBioscience 1:400 

Anti-mouse CD11b FITC eBioscience 1:200 

Anti-mouse CD13 FITC AbD Serotec 1:50 

Anti-mouse CD14 APC eBioscience 1:400 

Anti-mouse CD47 FITC eBioscience 1:100 

Anti-mouse CD48 PE eBioscience 1:200 

Anti-mouse CD62L PE-Cy7 eBioscience 1:400 

Anti-mouse CD86 PE eBioscience 1:200 

Anti-mouse CXCR4 PE eBioscience 1:300 

Anti-mouse F4/80 APC eBioscience 1:400 

Anti-mouse F4/80 PE-Cy7 eBioscience 1:400 

Anti-mouse Fc 

Receptor II/III 

(CD16/32) 

PE eBioscience 1:200 

Anti-mouse G-CSF APC eBioscience 0.75 µL/well 

Anti-mouse GM-CSF FITC eBioscience 1 µL/well 

Anti-mouse Gr1 PE-Cy7 eBioscience 1:400 

Anti-mouse IL-10 PE eBioscience 1 µL/well 

Anti-mouse IL-12 eFluor450 eBioscience 1 µL/ well 

Anti-mouse IL-6 FITC eBioscience 1 µL/ well 

Anti-mouse iNOS PE eBioscience 1:200 

Anti-mouse 

Lactoferrin 
Unlabelled Santa Cruz biotech 1:500 

Anti-mouse Ly6g PE-Cy7 Biolegend 1:400 

Anti-mouse Ly6g FITC Biolegend 1:200 

Anti-mouse Ly6g Pacific blue Biolegend 1:100 

Anti-mouse M-CSFR PE eBioscience 1:200 

Anti-mouse MHC I FITC eBioscience 1:100 
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Anti-mouse MHC II PE eBioscience 1:200 

Anti-mouse MHC II APC eBioscience 1:400 

Anti-mouse MIP1α PE eBioscience 0.75 µL/well 

Anti-mouse MR Alexafluor 647 Biolegend 1:400 

Anti-mouse NGAL Unlabelled Santa Cruz biotech 1:500 

Anti-mouse TLR 4 PE eBioscience 1:200 

Anti-Mouse TNFα PE-Cy7 eBioscience 0.75 µL/well 

Draq5 652/675 nm 
Cell Signaling 

Technology 
1:1000 

Fixable live/dead 

stain 
Violet 1 Invitrogen 1:1000 

Fixation and 

permeabilisation kit 
N/A eBioscience  

Latex beads FITC Invitrogen 1 µg/ml 

Nile Red 552/636 nm Invitrogen 1 µM 

Streptavidin PE-Cy7 eBioscience 1:200 

 

Intracellular Staining 

After staining cell surface molecules as above, cells were fixed with 100 µL Fixation 

buffer (eBioscience) and incubated in the dark for 20 min at room temperature.  Cells were 

permeabilised with 100 µL of 1× Permeabilisation buffer (eBioscience) diluted in distilled 

water and pelleted by centrifugation at 1500 × g for 5 min. The cells were re-suspended in 

the intracellular antibody mix diluted in permeabilisation buffer and incubated for >60 

minutes in the dark at room temperature.  Cells were washed twice with 100 µL of 

permeabilisation buffer prior to re-suspension in 300 µL of FACS buffer for analysis. 

Unstained cells and cells, beads or a mixture of cells and beads stained with a single colour 

were used to set up the flow cytometer (Dako Cyan) in each experiment.  Data were 

analysed using FlowJo 9.0 and Graphpad Prism software. 
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ImageStream 

Cells for analysis by ImageStream (Amnis Corporation, Seattle) were stained for surface 

and intracellular markers as described in the protocols above. Unstained cells and cells, 

beads or a mixture of cells and beads stained with a single colour were used to set up the 

ImageStream prior to each experiment.  Samples were run with the aid of Kanchan 

Phadwal, Sharon Sanderson and Anne Hansen. 

Phagocytosis Assay 

Bone marrow or peritoneal macrophages were prepared as described above and maintained 

at 37° C/5% CO2. Green fluorescent latex beads (Invitrogen) were added to macrophages 

at a concentration of (1 µg/ml), approximately 1µL/well in a 12 well plate, with or without 

LPS (1 µg/ml) and the macrophages incubated overnight.  The following day, 

macrophages were harvested as described above, and any beads present on the surface of 

the macrophages quenched with 2.5 µL of 0.4% Trypan Blue (Invitrogen) diluted in PBS.  

Macrophage surface markers were stained as described above and latex bead uptake was 

measured by flow cytometry. 

2.6 ELISA 

eBioscience ELISA Ready-SET-Go!® kits were used to detect IL-1β, TNF-α, IL-10, 1L-

12 and IL-6 in the supernatant of macrophage cultures.  Briefly, 50 µL capture antibody 

was incubated overnight at 4° C in Corning Costar 9018 ELISA plates.  Wells were 

aspirated and washed 5× with 300 µL/well of wash buffer (PBS, 0.05% Tween-20) with 1 

minute of soaking between washes, blocked with 1× assay diluent (eBioscience) for 1 hr at 

room temperature, followed by a further 5 washes.  Standards were diluted according to 

the relevant certificate of analysis and added in duplicates of 2-fold serial dilutions 
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(50 µL/well) to produce a standard curve.  Supernatant was added to remaining wells in 

duplicate at 50 µL/well and the plate incubated at 4° C overnight.  The following day, 

wells were aspirated and the plate washed 5× with wash buffer and blotted on paper towel.  

The detection antibody was diluted in 1× assay buffer and 50 µL added to each well, 

followed by 1 hr of incubation at room temperature.  After a further 5 washes, 50 µL of 

Avidin-HRP was added to each well and the plate incubated at room temperature for 30 

min.  Prior to development, the plate was washed a total of 7× in wash buffer, with 2 min 

of soaking between each wash. Finally, 50 µL of substrate was incubated in each well for 

15 min and the colourimetric reaction stopped with 50 µL of stop solution (H2SO4).  The 

plate was read at 450 nm (Bio-Rad microplate reader, model 690), with wavelength 595 

nm subtracted and the results analysed using Excel. 

2.7 Griess Assay 

Nitrite concentration in the medium was analysed as an indicator of NO production, using 

the Griess reaction. Sample supernatant (25 µL) was added to Sulfanilamide Solution (50 

µL) in appropriate wells of a 96 well plate and incubated for 10 min at room temperature, 

as per kit instructions (Promega).  50 µL of NED solution was added to each well, and 

incubated a further 10 min in the dark before reading at 550 nm on a plate reader.  Nitrite 

concentration was then determined based on a standard curve. 

2.8 Glucose Assay 

Glucose uptake was measured using a serum glucose kit based on glucose oxidase 

(Sigma).  Supernatant samples from macrophage cultures were harvested following 

overnight LPS stimulation and stored at -20° C prior to analysis.  Samples were diluted 

1:25 to bring their estimated glucose concentration to within the optimal testing range of 
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20 – 80 µg/mL (R10 has a starting glucose concentration of 2 mg/ml), and added to 

appropriate wells of a 96 well plate in triplicate. D-glucose standards were prepared at a 

range of 0 – 150 mg/ml in deionized water and added to the plate in triplicate.  

o-Dianisidine reagent was added to the glucose oxidase/peroxidase reagent as described in 

the protocol to give the working reagent, and also added to each of the standards and 

samples at 100 µL/well, followed by incubation at 37° C for 30 min. 100 µL of 12 N 

sulphuric acid solution was added to each well to stop the colour change reaction, and the 

absorbance at 540 nm recorded using a plate reader.  Sample glucose concentrations were 

calculated using a standard curve and used to determine the proportion of glucose taken up 

by the macrophage cultures.  Values were normalized to cell number by analysis of protein 

content of the cells in each culture sample well. 

2.9 Myeloperoxidase Assay 

Neutrophils were harvested as described above and adjusted to a concentration of 2.5 × 

10
7
/ml. Myeloperoxidase release was assessed by addition of 25 µL of cell suspension to 

appropriate wells of a 96 well plate in triplicate in 75 µL R10 ± LPS (1 µg/ml), and 

incubation at 37° C/5% CO2 for 30 min. 50 µL of TMB (eBioscience) and 50 µL H2O2 (5 

mM) were added to each well and the colour change reaction allowed to proceed for 5 min 

at RT prior to addition of 50 µL sulphuric acid (2 M). Total myeloperoxidase content was 

assessed in the same manner, with the addition of 25 µL of 0.5% Triton-X 100 (Sigma) 

following incubation.  The plate was read at 405 nm, and relative MPO concentration 

assessed by comparison of average absorbencies. 
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2.10 Electron Microscopy 

Bone marrow-derived macrophages were harvested and washed with PBS as described 

above prior to being stained with F4/80 PE (eBioscience) and labelled with anti-PE 

magnetic beads (Miltenyi).  Labelled macrophages were then isolated using a MACS 

column (Miltenyi) as described above, and fixed for electron microscopy.  Bone marrow 

neutrophils were harvested as described above, and stained for the neutrophil markers Gr1 

and CD11b for sorting by flow cytometry.  Sorted Gr1
+
CD11b

+
 cells were then fixed and 

analysed by electron microscopy. Image collection was kindly carried out by Professor 

David Fergusson. 

2.11 Light Microscopy 

Macrophages or neutrophils were harvested and cultured as described above.  For some 

experiments, macrophages and neutrophils were allowed to adhere to Poly-L-lysine 

(Invitrogen) coated slides by pipetting 100 µL of cells directly onto slides and incubating 

at 37° C for 2 hrs or until sufficiently adhered.  In other experiments, myeloid cells were 

adhered to slides by cytospinning.  Cells were prepared as required, harvested and diluted 

to a concentration of 1×10
6
 cells/ml in PBS/5% FCS.  100 µL of the required cells were 

added to a cytospin chamber, and the cells adhered to the slides for 3 min at 900 rpm.  

Slides were allowed to dry, then stained with Differential Quik Stain (Modified Giemsa, 

Polysciences, USA), mounted in DPX (Sigma Aldrich) and analysed by light microscopy 

(Zeiss Axiovert S100 inverted microscope or Zeiss Axioskop Upright with Q imaging 

camera). Some macrophage cultures were also analysed direct in their culture dishes with 

no slide preparation. 
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2.12 Confocal Microscopy 

Macrophages were grown on coverslips, rinsed 3× with PBS and fixed with 500 µL IC 

Fixation Buffer (eBioscience) for 30 minutes in the dark at RT.  Wells were washed twice 

with 300 µL 1× Permeabilisation Buffer (perm buffer) (eBioscience) and all liquid 

removed by careful pipetting.  Primary antibodies were diluted in 300 µL/well 1× perm 

buffer, and incubated with the cells for 1 hr at RT, no shaking.  Wells were rinsed twice 

with perm buffer prior to incubation with secondary antibodies.  Secondaries were diluted 

in 500 µL 1× perm buffer, and incubated on the cells for 30 – 60 min in the dark.  Stained 

coverslips were then washed and mounted as above.  Slides were viewed on a Zeiss 510 

Inverted Confocal Microscope, and images produced using Fiji software. Stained slides 

were stored at 4° C for short periods, or -70° C for long term storage.  Antibodies used for 

confocal are listed in table 3. 

Table 3: Antibodies used in confocal experiments 

Antibody Supplier Dilution 

Rabbit α-LC3 Kind gift from Christian 

Munz 

1:500 

Phalloidin Alexa Fluor 488 Invitrogen Life Technologies 1:500 

Rabbit α-Prxn1 Sigma 1:500 

Anti-Rabbit IgG 488 Invitrogen Life Technologies 1:500 

Anti-Rabbit 568 Invitrogen Life Technologies 1:500 

 

2.13 Protein Extraction 

Macrophages or neutrophils were stimulated as required and harvested or cultured as 

described above.  Cells were washed twice in ice cold PBS to remove any residual culture 

medium, harvested in ice cold PBS into Eppendorf tubes and centrifuged at 1000 × g to 

pellet the cells.  The supernatant was removed and cells suspended in 500 µL RIPA buffer 
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(Sigma Aldrich) per 5 × 10
6
 cells, supplemented with 1 cOmplete Protease Inhibitor 

Cocktail Tablet (Roche) per 10 ml RIPA buffer.  Cell membrane rupture was aided by 

vigorous pipetting, and tubes incubated on ice for 5 – 10 min.   Protein samples were 

centrifuged at 16000 × g for 15 minutes to remove debris, and the resultant supernatant 

transferred to a clean tube.  Where required, protein samples were concentrated using 

Microcon® Centrifugal Filters Spin Columns (Millipore). Up to 500 µL protein was added 

to the filter, placed in the collection tube and centrifuged at 10000 × g for 10 min.  The 

filtrate was discarded, and the concentrated protein collected by inverting the filter into a 

clean tube and centrifuging for 5 min at 1000 × g.  Protein samples were stored at -70° C. 

2.14 Protein Quantification 

Protein extracts were quantified using the BCA assay.  Standards were prepared by 

appropriate dilution of a 2 µg/ml BSA aliquot (Thermo Scientific), and added in triplicate 

to a 96 well plate. Protein samples were diluted as required and 25 µL of each sample 

added to the plate in triplicate.  An appropriate volume of working solution was prepared 

by mixing sufficient volumes of reagent A and reagent B (Thermo Scientific BCA Protein 

Assay Kit) in a ratio of 50:1 to allow 200 µL of working solution per sample and standard.  

200 µL of working solution was added to each well of the plate by multichannel pipette, 

and the plate was incubated at 37° C for 30 min before reading absorbance at 562 nm.  

Protein concentration in samples was determined using a standard curve. 

2.15 Proteomics 

BMMɸ were cultured as described above and washed twice in PBS to remove any media.  

Cytoplasmic extracts were obtained by addition of 1 ml M-PER® Mammalian Protein 

Extraction Reagent (Thermo Scientific) to each sample and vigorously pipetting to disrupt 
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cell membranes. Protein concentration determined by BSA Assay as described above, and 

samples adjusted to the same concentration with further M-PER. Sample analysis by 

tandem mass spectrometry and assessment of the relative quantitation of identified proteins 

were performed as described previously(58). Mass Spectrometry and sample analysis was 

done in collaboration with Dr Benedikt Kessler. 

2.16 Seahorse Analysis of Peritoneal Macrophages 

Murine peritoneal macrophages were harvested as described above, washed in PBS/5% 

FCS and live cells enumerated by Trypan Blue exclusion.  Following counting, cell 

concentration was adjusted to 1 × 10
6
 cells/ml in R10 to allow plating of 2 × 10

5
 cells/well 

of a XF24 Cell Culture Microplate (Seahorse Bioscience), the required volume to allow a 

close monolayer of macrophages to form.  Macrophages were plated (10 replicates each of 

wildtype and Atg7
-/-

 macrophages) in 300 µL/well R10 medium supplemented with 10 

ng/ml M-CSF and incubated for 48 hr at 37° C/5% CO2 to allow macrophage adherence 

and apoptosis of any contaminating neutrophils. Immediately prior to the experiment, 200 

µL of media were removed from each well and gently replaced by 900 µL of un-buffered 

DMEM.  A further 2 exchanges of 900 µL/well un-buffered DMEM (supplemented with 

Glutamax 200 mM (Gibco) and Sodium Pyruvate 100 mM [Sigma]) were very gently 

undertaken to completely remove any traces of previous media, followed by a final 

addition of 575 µL DMEM to give a total volume of 675 µL in each well. The plate was 

allowed to equilibrate for 30 min at 37° C in the absence of CO2 and then loaded onto a 

XF24 XF Seahorse analyser (Seahorse Bioscience, Billerica, MA, USA).  Rates of 

glycolysis and oxidative phosphorylation were determined by measuring lactic acid release 

(extracellular acidification rate, ECAR) and oxygen consumption rate (OCR) following 

sequential addition of Oligomycin (400 nM), FCCP (400 nM) and Rotenone (1 µM). 
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Seahorse experiments were carried out with the assistance of Professors Marion 

MacFarlane and Kelvin Cain, Leicester University. 

2.17 Antigen Presentation Experiment 

BMMɸ were generated from male mice, as described above.  Male DCs were used as a 

positive control and were derived using GM-CSF and IL-4 (both at 20 ng/ml), in the same 

manner as the macrophages.  Wildtype male macrophages, DCs and Atg7
-/- 

macrophages 

(1 × 10
6 

cells per mouse) were harvested on day 7, washed in PBS and injected into female 

recipients via the tail vein.  The response was then boosted via vaccinia-UTY injection 7 

days later, and antigen response analysed via tetramer specific anti-UTY CD8+ T-cells. 

Blood (50 µL) was harvested from each vaccinated mouse and RBCs lysed with RBC lysis 

buffer (eBioscience).  Cells were stained with anti-mouse CD19, anti-mouse CD8 and 

UTY-tetramer (kind gift from Mariolina Salio), followed by streptavidin PE-Cy7. 

CD19
neg

CD8
+
 UTY-tetramer positive cells were identified by flow cytometry(59). 

2.18 Statistics 

Statistics were calculated using GraphPad Prism software.  The specific statistical test 

applied to each experiment and the values for significance are given in the figure legends. 
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3.1 Autophagy in the immune system 

Autophagy was originally thought to be solely a degradation mechanism for internal 

proteins and organelles.  However, the discovery that autophagy can engulf and degrade 

intracellular bacteria opened a new avenue of investigation for autophagy as an active 

participant of the immune system. Autophagy has since been shown to participate in many 

aspects of both innate and adaptive immunity, including pathogen resistance, lymphocyte 

development and tolerance, regulation of inflammation, and antigen presentation (figure 

3.1).  

 

Figure 3.1 – The roles of autophagy in the innate and adaptive immune systems.  Autophagy can sequester 

and destroy intracellular bacteria, influence the inflammatory response and aid in the activation of the 

adaptive immune response by signalling through Toll-Like Receptors (TLRs) and other Pattern Recognition 

Receptors (PRRs) in response to Pathogen Associated Molecular Patterns (PAMPs). Autophagy also 

influences the function of some immune cells, such as mast cell degranulation. In the adaptive immune 

system, autophagy is vital to the development, selection and homeostasis of lymphocytes, and in the 

processing and presentation of peptide antigens in antigen-presenting cells (APCs). 
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3.2 Immune signalling regulates autophagy 

Signalling via bacterial or viral products and immune cell-derived cytokines can regulate 

autophagy, either activating or dampening the autophagic response depending on the 

requirements of the immune response or the invading pathogen. Activation of PRRs 

through signalling via PAMPs or DAMPs has been shown to activate autophagy, possibly 

as a mechanism of pathogen clearance from the cytoplasm and initiation of peptide 

production for antigen presentation. TLR4 signalling induces ubiquitylation of Beclin 1 

through TNF receptor-associated factor 6 (TRAF6)(60), activating ULK1 and thus 

autophagy.  Induction of autophagy by TLR9 following stimulation with CpG-rich DNA 

has also been reported(61). 

NOD-like receptors (NLRs) also participate in autophagy signalling, recruiting Atg16-like 

1 (Atg16L-1) to the site of bacterial entry, in reaction to signalling via NOD1 and 2(62). In 

contrast to TLRs and NLRs, signalling through Rig-Like Receptors (RLR) appears to 

negatively regulate autophagy(63). However, molecules downstream of RLRs potentially 

have an RLR-independent function in autophagy induction. Sensing of nucleic acid 

downstream of RLRs causes STimulator of IFN Genes (STING)-mediated activation of 

type I IFN production, but can also induce autophagy. Indeed, infection with double-

stranded DNA viruses, such as herpes simplex virus 1 (HSV1), induces autophagy in a 

STING-dependent manner(64). 

Reactive oxygen species (ROS) are important effectors and signalling molecules of the 

immune system, which can also regulate autophagy(65). NADPH oxidase, a ROS 

generator, interacts with the autophagy regulatory protein RUBICON (run domain Beclin 

1-interacting and cysteine-rich-containing protein), thereby activating two antibacterial 

mechanisms (autophagy and ROS production)(66). Conversely, nitric oxide (NO), another 
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ROS, acts as an autophagy inhibitor by inactivating Jun N-terminal kinase 1 (JNK1) and 

IKKβ, and inhibiting AMPK-dependent autophagy initiation(67).  

Inflammatory cytokines, such as IL-1β, can also induce autophagy. IL-1β signals through 

the IL-1 receptor, resulting in the recruitment of TRAF6, activation of beclin-1 and, 

thereby, autophagy(60). T-helper cell type 1 (TH1) cytokines such as IFNγ also induce 

autophagy, potentially also through phosphorylation of Beclin-1(68). Similarly, TNF-α can 

stimulate autophagy as a protective mechanism against intracellular bacterial infection(69). 

In contrast to TH1 cytokines, TH2 cytokines are suppressors of autophagy. During periods 

of starvation, IL-4, IL-13 and IL-10 can all stimulate AKT signalling(70, 71), which 

suppresses autophagy.  

3.3 Autophagy and adaptive immunity 

Autophagy plays a significant role in the adaptive immune system, affecting the 

development and maintenance of lymphocytes and the processing and presentation of 

peptide antigens (discussed in more detail in 3.5). T-cells undergo low levels of 

constitutive autophagy, but upregulate it strongly following TCR interaction or infection 

with certain viruses(72, 73). Autophagy is required for the survival of activated 

lymphocytes, as Atg5 or Atg7-deficient T-cells cannot proliferate or effectively remove 

mitochondria on exit from the thymus(55). Autophagy also regulates T-cell metabolism, 

with inhibition of autophagy blocking the expected increase in ATP production following 

TCR stimulation(74), and influences T-cell selection in the thymus.  Thymic epithelial 

cells from Atg5
-/-

 thymi gave rise to an altered selection of MHC II-restricted T-cell 

specificities, which in turn resulted in colitis and general inflammation(75, 76). 

Whereas T-cells develop normally in the absence of autophagy, B-cells require autophagy 

to progress past the pro-B stage(77). Mice with a haematopoietic-specific deletion of Atg7 
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have significantly reduced numbers of peripheral B-cells(54), while mice that lack Atg5 

specifically in the B-lineage showed a particular requirement for autophagy in B-1a B-cell 

homeostasis, and in normal plasma cell function(78). Autophagy levels also differ 

according to T-cell polarisation, with Th2 cells found to be more resistant to autophagic 

cell death(79). Autophagy is induced in B-cells upon ligation of the B-cell receptor but 

inhibited upon co-receptor stimulation, preventing apoptosis of the B-cell whilst 

maintaining tolerance(80). Autophagy is fundamental to the survival, function and 

proliferation of lymphocytes, albeit with slightly different roles in each subset. 

3.4 Autophagy in innate immunity 

Autophagy plays a major role in the induction and regulation of the innate immune system, 

and has specialised roles within various innate cells, including macrophages. As discussed 

above, autophagy is connected to TLR-mediated macrophage activation, with LPS 

signalling via TLR4 known to induce autophagy(21, 81), as does signalling through other 

TLRs(82). Furthermore, autophagy aids recognition of viruses by facilitating delivery of 

viral peptides to intra-luminal TLRs, where they are able to induce type-1 interferon-based 

responses(83).  

Autophagy is also vital in the defence against intracellular bacteria. Uptake of cytosolic 

bacteria during autophagy is facilitated by a central adaptor protein called p62 (also 

SQSTM1), which recognises bacteria and links them to LC3-positive phagophores(84). 

Autophagy mediates clearance of intracellular pathogens, such as Listeria 

monocytogenes(85), extracellular bacteria in the host cytoplasm, such as Group A 

Streptococcus(86), and bacteria that disrupt phagosome maturation, such as 

Mycobacterium tuberculosis(87). However, some bacteria have evolved to avoid clearance 
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by autophagy or to use it to their replicative advantage, such as Brucella abortus(88), 

Chlamydia trachomatis(89) and Legionella pneumophila(90).  

The phagocytic pathway has also been linked to the autophagic pathway, though the exact 

manner in which autophagy and phagocytosis are linked is controversial. Autophagy 

during macrophage development has been shown to be required for acquisition of 

phagocytic functions(91), and autophagy machinery is linked to phagocytosis through its 

connection to TLR signalling(92). However, other researchers have provided evidence that 

autophagy negatively regulates phagocytosis, as autophagy induction inhibits phagocytic 

capacity(93). Furthermore, macrophages lacking Atg7 accumulated greater numbers of M. 

tuberculosis, due to increased expression of scavenger receptors(94). It has been proposed 

that autophagy may regulate levels of phagocytosis via participation in a negative feedback 

loop, such that accumulation of intracellular bacteria sends signals to halt further 

internalisation of bacteria(95). 

In neutrophils, autophagy is important in the formation of neutrophil extra-cellular traps 

(NETs). NETs are made up of extracellular chromatin released by neutrophils during a 

specialised type of cell death called NETosis, and act by trapping and facilitating 

destruction of bacteria(96). PMA-induced NETosis is severely inhibited when autophagy 

is blocked using the autophagy inhibitor Wortmannin(97).  

Mast cell degranulation, a cause of anaphylaxis, also requires autophagy(98). Autophagy 

has been shown to be constitutively induced in mast cells even under full nutrient 

conditions, with LC3 localising to secretory vesicles(99). However, mast cell development 

was not adversely affected in the absence of autophagy. Autophagy has no known 

specialised roles in basophils and eosinophils. A summary of known roles of autophagy in 

myeloid cells can be seen in figure 3.2. 
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Figure 3.2 – Currently known functions of autophagy within myeloid cells (exclusive of stimuli/effects that 

induce/inhibit autophagy within myeloid cells). Aside from the well-studied roles of autophagy in the 

elimination of intracellular pathogens and antigen presentation, little is known about the functions of 

autophagy in the development and function of myeloid cells. Autophagic regulation of inflammasome 

activation and control of inflammation will be discussed in detail in chapter 4. 

3.5 Autophagy and antigen presentation 

During infections, T-cells recognise antigenic epitopes presented on Major 

Histocompatibility Complex (MHC) I and II. Antigenic peptides are generated from 

pathogenic fragments and self-proteins via several pathways where peptides are processed, 

delivered to MHC molecules and finally presented on the surface of the APC. CD8
+
 T-

cells recognise peptide presented in the context of MHC I molecules, expressed on the 

surface of all nucleated cells. MHC I molecules present antigen from various intracellular 

sources, including viral proteins, tumour antigens and cytoplasmic and nuclear self-

antigens. Evidence regarding the role of autophagy in classical MHC I presentation is 

conflicting, with several studies showing no change in MHC I expression to CD8
+
 T-cells 

following ablation of autophagy(9, 100, 101). However, inhibition of autophagy decreases 
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MHC I surface expression on B16 murine melanoma cells and reduces the subsequent T-

cell response, suggesting that autophagy may influence this pathway under some 

conditions(102). Furthermore, autophagy enhances presentation of endogenous viral 

antigens via MHC I during HSV-1 infection(103), and induction of autophagy in M. 

tuberculosis-infected DCs prior to use as a vaccine results in increased proliferation of 

CD8
+
 T-cells in mice(104). 

MHC II molecules are constitutively expressed on the surface of specialised APCs such as 

dendritic cells (DCs), B-cells, macrophages and, under some circumstances, 

neutrophils(105). Antigen presented on MHC II molecules is recognised by CD4
+
 T-cells. 

In contrast to MHC I presentation, the role of autophagy in the presentation of endogenous 

and exogenous antigens via MHC II is less equivocal. Autophagosomes produce a variety 

of peptide antigens and autophagosome fusion with MHC II loading compartments has 

been demonstrated experimentally(100), with 50% of MHC II compartments (MIICs) co-

localising with autophagosomes. Investigation of the influence of autophagy on the MHC-

II ligandome indicated that peptide presentation is improved by induction of autophagy, 

significantly increasing presentation of intracellular and lysosomal source proteins rather 

than peptides from membrane and secreted proteins. Furthermore, autophagy influenced 

the MHC-II antigen-processing machinery(8). Autophagy also augments MHC II 

processing and presentation of phagocytosed extracellular particulate antigens. NOD2-

mediated autophagy has been shown to be vital for generation of MHC II antigen-specific 

CD4
+
 T-cell responses in DCs(106), and Atg5 was found to be required for processing and 

presentation of extracellular antigen on MHC II by DCs(9).  The roles of autophagy in 

antigen presentation are summarised in figure 3.3 below. 
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Figure 3.3: The role of autophagy in antigen presentation. Autophagy can increase the MHC class II 

presentation of cytoplasmic antigens, including self or viral antigens. LAP can also facilitate particulate 

antigen processing for MHC class II presentation. NOD2 enhances autophagic antigen presentation. 

Furthermore autophagy may support unconventional MHC class I presentation by providing degraded 

antigens from the autolysosome to the ER. Adapted from Ref. (107). 

3.6 Autophagy in cell death and survival 

It is generally accepted that one of the main roles of autophagy is to promote cellular 

survival during periods of stress by providing important nutrients and by maintaining 
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cellular quality control of organelles and accumulated proteins.  However, autophagy also 

interacts with cell death pathways on several levels. The three main pathways of cell death 

are apoptosis, necrosis and autophagic cell death. Apoptosis is characterised by caspase 

activation, chromatin condensation and nuclear fragmentation, cell shrinkage and the 

formation of apoptotic bodies(108). Apoptosis is a vital component of many processes 

including cellular turnover, development and regulation of the immune system. By 

contrast, necrosis is characterised by cellular swelling and membrane rupture and was 

initially considered to be un-programmed. More recently, however, evidence of 

programmed necrosis has appeared(109), with finely regulated signal transduction 

pathways and machinery(110). Autophagic cell death is morphologically defined as cell 

death occurring in the absence of chromatin condensation and accompanied by massive 

accumulation of autophagic vacuoles in the cytoplasm(111).  

Autophagy and apoptosis overlap in several ways, both in function, activation of pathways 

and machinery.  Atg5 and Bcl-2 proteins have been shown to be active in both autophagy 

and apoptotic pathways(112). Atg5 is cleaved following death stimuli, and the resulting 

cleavage product appears to promote apoptosis via the mitochondrial pathway.  Bcl-2 acts 

during autophagy by binding and inhibiting Beclin 1-mediated autophagy and autophagic 

cell death(112).  

Autophagy can promote cell survival and prevent the activation of apoptosis, a process 

exploited by some tumours to enable survival under stress(113).  In addition to its general 

role in promotion of cellular survival, autophagy facilitates survival during the neonatal 

starvation period soon after birth(46, 114). Furthermore, autophagy is activated to promote 

survival in response to chemotherapeutic treatment(4) and following apoptotic 

cytochrome-c release in the absence of caspase activation(115). Conversely, inhibition of 

autophagy can result in apoptosis in a variety of situations(3).   
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Whether autophagy is protective or detrimental to cellular survival has also been linked to 

the level of autophagy taking place.  In a cell undergoing starvation or cellular stress, 

autophagy initially acts as a survival mechanism by degrading surplus organelles and 

cytoplasmic contents.  However, this cannot continue indefinitely as organelles and 

autophagic substrates eventually become limiting, at which point continued autophagy 

results in cell death. In a C. elegans model system, physiological levels of autophagy were 

found to promote survival.  However, both insufficient and excessive levels of autophagy 

resulted in hypersensitivity to starvation(116). 

The relationship between autophagy and other death pathways is highly complex and 

overlapping.  Nevertheless, it is clear that autophagy functions in both cell death and 

survival under different conditions. 

3.7 The influence of autophagy on macrophage function 

In this chapter we show that autophagy plays an important role in many aspects of 

macrophage function. Loss of Atg7 in macrophages results in a significant abrogation of 

basal and induced autophagy.  Loss of autophagy appears to influence macrophage 

morphology both in ex vivo macrophages and bone marrow-derived macrophages. 

Furthermore, it reduces several processes vital for macrophage defence against pathogens, 

such as phagocytosis, NO burst and antigen presentation. 
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3.8 Atg7 is efficiently excised from BMMɸ 

To show that Atg7 is efficiently excised from macrophages from Vav-Atg7
-/-

 mice, Atg7 

gene expression was analysed by qPCR. Macrophages were cultured for 7 days from 

wildtype and Atg7
-/-

 bone marrow and total RNA extracted and reverse transcribed for 

Atg7 gene expression analysis by qPCR.  Relative gene expression was studied using the 

comparative Ct method (ΔΔCT), in which the Ct value of Atg7
-/-

 macrophages was 

compared with control RNA from wildtype macrophages. The Ct values of both the 

control and the sample of interest were normalized to the endogenous housekeeping gene, 

GAPDH. Macrophages derived from Atg7
-/-

 mice express significantly lower amounts of 

Atg7 mRNA than wildtype macrophages, with Atg7 expression only around 7% of 

wildtype mRNA abundance (figure 3.4).  This indicates that Atg7 is successfully and 

efficiently excised from Atg7
-/- 

BMMɸ. 

 

Figure 3.4: Relative Atg7 gene expression in macrophages cultured from Vav-Atg7
-/-

 bone marrow. Values 

determined using the ΔΔCT method, normalised to GAPDH and compared to wildtype macrophages cultured 

under the same conditions.  Error bars represent standard deviation of 3 experiments, **p<0.01. 
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3.9 Atg7-/- mice have higher numbers of macrophages in the 

spleen, peritoneal cavity and blood 

Macrophages represent one of the most flexible cells of the immune system, with essential 

roles in both the innate and adaptive arms of immune responses.  They are incredibly 

plastic cells and specialised subsets appear in many of the main tissues and organs in the 

body, from where they influence the initiation and conclusion of immune responses, 

development, homeostasis and tissue repair.  Autophagy has been implicated in several 

important macrophage functions, such as clearance of intracellular pathogens(87, 89) and 

access to intra-luminal TLRs(83). However, there is little research investigating the role of 

autophagy in macrophage development and maturation, and how this affects their function.  

In order to investigate the role of autophagy in macrophage development, macrophage 

numbers were first assessed in Vav-Atg7
-/-

 mice to ascertain if they have normal 

macrophage populations in the peritoneal cavity, spleen and blood. F4/80
+
 CD11b

+
 double 

positive cells were assessed by flow cytometric analysis of non-elicited peritoneal wash 

and lysed spleen and blood samples from 8 week old mice. Macrophages were present in 

each of the investigated samples, making up a higher than expected proportion of total cell 

number from each sample. All three macrophage populations were significantly increased 

in Atg7
-/-

 mice (Figure 3.5), in contrast to lymphocytes, which are significantly decreased 

in this model.  The presence of macrophages in this model demonstrates that autophagy is 

not required for macrophage differentiation or survival in vivo.  Not only are they present, 

but significantly increased in number, suggesting that autophagy has a role in macrophage 

proliferation or survival or in the prevention of inflammation leading to increased 

proliferation and macrophage migration to tissues.  



Chapter 3 – Autophagy influences innate macrophage functions 

Page | 51  

 

 

Figure 3.5: Vav-Atg7
-/-

 mice have increased proportions of macrophages in major organs. Numbers of 

F4/80
+
/CD11b

+
 cells in the blood, spleen and peritoneal cavity of 8 week old mice are increased as detected 

by flow cytometry.  Data are representative of three independent experiments. Error bars represent SEM, n 

= 4. *p<0.05 and **p<0.01, unpaired t-test. 

3.10 Ex vivo Atg7-/- macrophages are identifiable as 

macrophages, but show some alterations in morphology  

Macrophages from wildtype and Atg7
-/-

 mice were analysed ex vivo by light and confocal 

microscopy in order to determine whether loss of Atg7
-/-

 caused any morphological 

changes. Cultures were viewed directly by light microscopy or stained with FITC-labelled 

Phalloidin and DAPI to visualise F-actin and nuclei respectively.  Splenic macrophages 

were harvested from 8 week old mice and allowed to adhere to glass coverslips for 3 days 

in R10 culture medium supplemented with 10 ng/ml M-CSF, followed by overnight 

stimulation with LPS.  Macrophages were visible in each culture as strongly adherent, dark 

stellate cells (figure 3.6), and the morphology of the adherent cells did not change 

following LPS stimulation, though increased numbers of cells were adherent in LPS 

stimulated cultures. However, Atg7
-/-

 splenic macrophages showed slightly altered 

morphology, with shorter processes and a more rounded appearance than wildtype 
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macrophages.  Additionally, Atg7
-/-

 macrophages appeared less flat and firmly adhered to 

the culture plate than wildtype macrophages. 

 

Figure 3.6: Atg7
-/-

 ex vivo splenic macrophage cultures show altered morphology by light microscopy.  A 

single cell suspension was produced from the spleens of 8 week old mice and allowed to adhere to tissue 

culture plates following RBC lysis.  Macrophages were cultured in R10 media supplemented with 10 ng/ml 

M-CSF and non-adherent cells removed after 3 days, followed by overnight stimulation with LPS (1µg/ml). 

Representative images from 3 cultures, 100x magnification.  

Adherent Atg7
-/-

 peritoneal exudates are also clearly identifiable as macrophages (figure 

3.7), with a relatively large cell size, stellate appearance and presence of visible 

cytoplasmic vesicles. Staining with trypan blue indicated similar numbers of live cells in 

both cultures (not shown). However, Atg7
-/-

 macrophages also display some qualitative 

differences in appearance, being larger, more rounded and appearing less flat than their 

wildtype counterparts. Although Atg7
-/-

 macrophages have the expected stellate 

morphology, they also appear to have shorter, fatter extensions than their wildtype 
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counterparts, possibly representing an impaired or altered macrophage development or 

activation state. 

 

Figure 3.7: Atg7
-/-

 ex vivo peritoneal macrophage cultures from 8 week old mice show altered morphology 

by light microscopy.  Non-elicited peritoneal macrophages were harvested and allowed to adhere to tissue 

culture plates.  Macrophages were cultured in R10 media supplemented with 10 ng/ml M-CSF and non-

adherent cells removed after 3 days, followed by overnight stimulation with LPS (1µg/ml), IFN γ (10 ng/ml) 

or IL-4/IL-13 (1 µg/ml). Representative images from 3 cultures, taken using 20x lens, Phase 1. 

Peritoneal macrophages were also stained using Phalloidin, a phallotoxin that binds F-

actin(117), enabling visualisation of cellular morphology by fluorescence microscopy. 

Atg7
-/-

 macrophages appear similar to wildtype macrophages, and show a similar degree of 

filopodial projection (figure 3.8).  However, as in phase microscopy, Atg7
-/-

 macrophages 

appear to show fewer long protrusions, and are rounder in general than wildtype 

macrophages.  Nevertheless, the lack of these projections does not seem to adversely affect 

their migration ability, as significant myeloid (and macrophage) infiltration of multiple 

tissues is a feature of this mouse model(57). 
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Figure 3.8: Atg7
-/-

 ex vivo peritoneal macrophage cultures from 8 week old mice show fewer long, actin rich 

projections by confocal microscopy. Macrophages were cultured on glass coverslips in complete R10 

medium and stimulated for 3 hours with LPS (1µg/ml) or IFNγ (10 ng/ml).  Coverslips were stained with 

FITC labelled Phalloidin and DAPI and viewed by confocal microscopy, 60x lens.  Representative images 

from three separate cultures. 

3.11 Atg7-/- bone marrow derived macrophages express F4/80 

and CD11b and show increased granularity 

Macrophages can be derived in large numbers from bone marrow precursors using CSF-1 

(Macrophage Colony Stimulating Factor, M-CSF), enabling experiments that require high 

cell numbers to be more easily performed. Bone marrow-derived macrophages (BMMɸ) 

can be used for a variety of functional assays and are regarded as a model for the role of 

resident macrophages in the innate immune system(118). BMMɸ can be identified by the 

surface antigens F4/80(119) and macrophage-1 antigen (CD11b)(120) using flow 

cytometry. In order to demonstrate that cultured BMMɸ expressed the expected 
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macrophage surface markers, BMMɸ were cultured for 7 days in the presence of M-CSF 

and then stained for FACS analysis with F4/80 and CD11b.  Unstimulated Atg7
-/-

 

macrophages express similar levels of both macrophage antigens (Figure 3.9), and similar 

proportions of double positive cells are present in both cultures, indicating that in the 

absence of autophagy, macrophages are still able to be derived successfully from bone 

marrow. 

 

Figure 3.9: Flow cytometric analysis of BMMɸ cultures using the macrophage surface antigens F4/80 and 

CD11b.  BMMɸ were cultured for 7 days in the presence of M-CSF (20 ng/ml) and stained for flow 

cytometry. Gated on F4/80
+
 CD11b

+
 cells. FACS plots representative of >50 experiments. 

In addition to investigating the expression of macrophage specific surface markers, the 

macrophages were further analysed by comparing their forward scatter (FS) and side 

scatter (SS) profiles.  FS and SS are generated by the light beam passing directly through 

the cell or being scattered off to the side, respectively.  FS provides information about the 

relative size of the cells, whereas SS gives an indication of cellular density and 

complexity/granularity, allowing identification of various immune subsets based on their 

unique FS vs. SS profile.  High SS can be an indicator of macrophage differentiation, due 

to increased numbers of membrane bound organelles, such as lysosomes and 

mitochondria(121), following stimulation. Analysis of overlaid side scatter histograms 
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showed that Atg7
-/-

 BMMɸ display significantly increased granularity (figure 3.10, top 

image). Granularity increased in both cultures following LPS stimulation (figure 3.10, 

bottom image), however the increase in Atg7
-/-

 macrophages was smaller than in wildtype 

macrophages. This could indicate that Atg7
-/-

 macrophages are more activated than 

wildtype macrophages, even prior to external stimulation, or it could be the result of 

increased organelles and protein aggregates present in the cytoplasm, due to lack of 

autophagy.  

 

 

Figure 3.10: Flow cytometric analysis of BMMɸ cultures based on their FS vs. SS profile.  BMMɸ were 

cultured for 7 days in the presence of M-CSF (20 ng/ml) and stained for flow cytometry. Top: FS vs. SS plots 

for unstimulated wildtype and Atg7
-/-

 macrophage cultures.  All cells shown. Bottom:  Overlaid histograms of 

macrophages side scatter (log). Gated on F4/80
+
 CD11b

+
 cells. FACS plots in both images representative of 

>50 experiments. *p<0.05, **p<0.01, calculated on mean MFI of SS Log, un-paired t-test. 

** * 
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3.12 Atg7-/- BMMɸ exhibit defective autophagy 

In order to demonstrate that loss of Atg7 expression in macrophages results in an 

autophagy defect, BMMɸ were stimulated with either LPS or IFNγ, both of which are 

strong inducers of autophagy in macrophages(21, 87).  BMMɸ were cultured in R10 

medium on glass coverslips, stimulated with LPS or IFNγ for 3 hours and then stained 

with anti-LC3 antibody and DAPI to show the presence of autophagosomes and nuclei, 

respectively.  Wildtype macrophages contained a small number of autophagosomes, even 

in complete media and without stimulation (figure 3.11).  Following overnight stimulation, 

the proportion of cells showing autophagosomes was close to 70% for LPS stimulated 

macrophages and 93% following stimulation with IFNγ (figure 3.12). Unstimulated Atg7
-/-

 

macrophages showed significantly fewer autophagosomes, with less than 20% showing 

visible autophagosomes.  LPS produced a small but significant increase in 

autophagosomes, but significantly fewer than wild type LPS stimulated macrophages. 

IFNγ treatment caused no increase in autophagosomes in Atg7
-/-

 macrophages.  These data 

indicate that both basal and induced levels of autophagy are significantly lower in Atg7
-/- 

macrophages, though some induction of autophagosome formation appears possible using 

LPS.  It is possible that these puncta do not represent completed autophagosomes, but 

rather isolation membranes that have not fully formed, although this would not explain the 

lack of similar induction in IFNγ stimulated Atg7
-/-

 macrophages. 
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Figure 3.11: Atg7
-/-

 macrophages have significantly fewer LC3
+
 autophagosomes following autophagic 

stimuli, indicating defective autophagy.  Macrophages were cultured on glass coverslips in complete R10 

medium and stimulated for 3 hours with LPS (1µg/ml) or IFNγ (10 ng/ml) to induce autophagy.  Coverslips 

were stained with anti-mouse LC3 and DAPI and viewed by confocal microscopy.4 images taken per slide, n 

= 4 mice/group. Images representative of 2 separate experiments. 

 

Figure 3.12: Proportions of BMMɸ undergoing autophagy following stimulation with LPS or IFNγ. 

Macrophages were cultured on glass coverslips in complete R10 medium and stimulated for 3 hours with 

LPS (1µg/ml) or IFNγ (10 ng/ml) to induce autophagy.  Coverslips were stained with anti-mouse LC3 and 

DAPI and viewed by confocal microscopy. 40 cells for each sample were counted and the percentage of cells 

positive for autophagosomes calculated. Error bars represent SEM, n = 3. *p<0.05, ***p<0.001 and 

****p<0.0001, un-paired t-test. 
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3.13 Atg7-/- bone marrow derived macrophages have 

increased vacuolisation of the cytoplasm 

Analysis by flow cytometry confirmed that the BMMɸ expressed macrophage specific 

surface antigens, indicating that macrophages can be successfully derived from Atg7
-/-

 

bone marrow.  However, in order to assess whether the cells identified showed differences 

in organelle appearance or membranous structures, cultures were investigated by electron 

microscopy. BMMɸ from 8 week old mice were cultured for 7 days in the presence of M-

CSF and their morphology investigated by electron microscopy. Naive macrophages 

showed no gross morphological abnormalities when compared with wildtype macrophages 

(figure 3.13). Incomplete autophagosomes could also be clearly seen (inset) in the Atg7
-/-

 

macrophages. A substantial vacuolisation (black arrows, figure 3.13 d) was found in LPS 

stimulated, Atg7
-/-

 macrophages, possibly due to unfinished autophagosomes failing to 

fuse with lysosomes or increased numbers of lipid droplets(122). Very few similar 

vacuoles were visible in wildtype macrophages; however, there were several unstimulated 

Atg7
-/-

 macrophages that also contained the vacuolisation. These vacuoles may contribute 

to the increased SS visible in the Atg7
-/-

 macrophages by flow cytometry. Atg7
-/-

 

macrophages also show a reduction in the length of membrane protrusions, as had been 

seen by light and confocal microscopy. 
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Figure 3.13: Bone marrow derived Atg7
-/-

 macrophages have slightly altered morphology and increased 

vacuolisation.  F4/80
+
 macrophages were enriched by MACS and fixed for electron microscopy analysis.  

Cells from 4 Atg7
-/- 

bone marrow derived macrophage cultures were pooled for analysis. Images shown are 

representative of two independent experiments. Scale bar in images a – d is 2µM, inset in c is 100 nm. N – 

Nucleus. Black arrow head: Increased vacuoles in LPS stimulated Atg7
-/-

 macrophages. Inset shows an 

incomplete autophagosome in an Atg7
-/-

 macrophage. Grateful acknowledgements to Professor David 

Fergusson for acquiring these images and helping with their analysis. 

3.14 Atg7-/- macrophages have increased numbers of lipid 

droplets in the cytoplasm 

As electron microscopy and flow cytometry suggested the presence of cytoplasmic 

vacuoles that could represent increased numbers of lipid droplets, other lysosomal 

organelles, and as autophagy is known to play a role in the degradation of cholesterol 

droplets(122), we assessed the lipid content of Atg7
-/-

 macrophages. Nile red is a lipophilic 

stain that fluoresces intensely red-gold in lipid rich environments, with very little 

fluorescence in other polar solvents.  Autophagy-deficient macrophages showed higher 

Nile red staining than wildtype macrophages for all stimuli (figure 3.14).  However, Atg7
-/-

 

2 μM 2 μM

2 μM 2 μM100 nm
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macrophages showed no increase in staining following LPS stimulation, whereas wildtype 

macrophages showed a significant increase.  This is in contrast to the vacuolisation visible 

by electron microscopy, which was much more visible in Atg7
-/-

 macrophages following 

LPS stimulation.  As such, though lipid droplets may contribute to the increased 

granularity and vacuolisation present in Atg7
-/-

 macrophages, they are not the main cause.  

 

Figure 3.14:  Nile Red Lipid droplet staining in bone marrow derived macrophages.  BMMɸ were cultured 

and stimulated overnight with LPS or IFNγ, followed by staining with Nile red (1 µM) for analysis by flow 

cytometry.  Average MFI of Nile red fluorescence for F4/80
+
 CD11b

+ 
macrophages shown. Error bars 

represent SEM, n = 3. *p<0.05, un-paired t-test. 

3.15 Loss of autophagy causes higher levels of cell death in 

macrophages 

The presence of increased numbers of macrophages in Vav-Atg7 mice suggested that they 

could have a proliferative or survival advantage over other cells of the hematopoietic 

system.  Furthermore, autophagy is known to be a survival mechanism in some cells(123, 

124), and therefore levels of apoptosis were investigated in wildtype and Atg7
-/-

 BMMɸ. 

Early cell death can be detected using Annexin V to detect cells that have expressed 

phosphatidylserine, a phospholipid component usually on the cytosolic side of the 
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membrane, on their cell surface.  Annexin V positive cells are thus in the early stages of 

apoptosis. In unstimulated Atg7
-/-

 macrophage cultures, 20% of cells were Annexin V
+
, a 

small but significant increase on the 15% of cells Annexin V
+
 in wildtype cultures (Figure 

3.15).  Following stimulation with LPS or IFNγ, there was a decrease in the proportion of 

Annexin V
+
 wildtype macrophages.  However, no such decrease in Annexin V

+
 cells was 

observed following stimulation in Atg7
-/-

 cells.  In some cultures IFNγ stimulation 

appeared to slightly decrease numbers of positive cells, but this was variable between 

cultures, and was not statistically significant. 

 

Figure 3.15: Increased numbers of Annexin V
+
 cells in Atg7

-/-
 macrophage cultures. BMMɸ were stained 

with F4/80, CD11b and Annexin V and analysed by flow cytometry. The graph shows proportions of Annexin 

V
+
 cells in BMMɸ cultures following overnight stimulation with LPS or IFNγ.  Error bars represent SEM, n 

= 4. *p<0.05, un-paired t-test. 

Caspase-3 is an executioner caspase activated in both the extrinsic (death ligand) and 

intrinsic (mitochondrial) apoptosis pathways, and thus activated caspase 3 makes a useful 

target for assessing later apoptotic events in cells. A significantly higher proportion of 

Atg7
-/-

 macrophages were found to be positive for activated caspase 3 (figure 3.16), with 

even higher numbers found following LPS stimulation.  LPS stimulation also increased the 

proportion of wildtype caspase 3
+
 cells from around 2.5% to 7.5%.  Stimulation with IFNγ 
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produced no increase in caspase 3
+
 cells in wildtype or Atg7

-/- 
macrophages.  These data 

indicate that loss of autophagy in macrophages increases their susceptibility to cell death, 

and suggests that increased macrophage numbers in Vav-Atg7 mice is not due to increased 

macrophage survival, but rather increased proliferation or production of macrophage 

precursors from the bone marrow. 

 

Figure 3.16: Higher proportions of activated-caspase 3 positive cells in Atg7
-/-

 BMMɸ cultures following 

overnight stimulation with LPS or IFNγ. BMMɸ were stained with F4/80, CD11b and Annexin V and 

analysed by flow cytometry.  The graph shows proportions of macrophages staining positive for activated 

caspase-3 following overnight stimulation with LPS or IFNγ.  Error bars represent SEM, n = 4. *p<0.05, 

un-paired t-test. 

3.16 Atg7-/- BMMɸ show decreased phagocytic capacity and 

nitrite burst following stimulation 

Macrophages play a vital role in the innate immune response by phagocytosing invading 

pathogens and releasing reactive nitrogen and oxygen species.  In order to analyse the 

functional capacity of Atg7
-/-

 macrophages, the ability of macrophages to phagocytose 

FITC labelled latex beads was analysed by flow cytometry.  Both Atg7
-/-

 and wildtype 

macrophages were capable of latex bead uptake (figure 3.17).  However, unstimulated   

Atg7
-/-

 macrophages exhibited a small, but significant, reduction in phagocytosis compared 
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with their wildtype counterparts, with 50% of autophagy-deficient macrophages positive 

for beads, compared with 60% of wildtypes.  Furthermore, whereas phagocytic capacity 

significantly increased in wildtype macrophages following stimulation with LPS, a much 

smaller increase was observed for Atg7
-/-

 macrophages. Stimulation with LPS increased 

phagocytic capacity in Atg7
-/- 

macrophages similar to that of unstimulated wildtype 

macrophages, but this was still significantly lower than the 80% bead-positive wildtype 

macrophages following LPS stimulation.  Although autophagy is evidently dispensable for 

phagocytosis in macrophages, its loss results in a reduction in phagocytic capacity, which 

could result in reduced pathogen clearance.  

    

Figure 3.17:  Decreased phagocytic capacity of Atg7
-/-

 BMMɸ before and after LPS stimulation.  FITC 

labelled latex beads were cultured for 3 hours with BMMɸ in the presence or absence of LPS (1 µg/ml) and 

analysed by flow cytometry. Surface associated bead fluorescence was quenched with trypan blue. Left: An 

example of bead
+
 macrophages (gated). Right: Graph of average bead

+
 macrophages. Error bars represent 

SEM (n = 4), *p<0.05, **p<0.01, unpaired t-test. 

NO is a short lived free radical that is produced by a variety of immune and non-immune 

cells. NO is vital for the cytotoxic and microbicidal activity of macrophages and plays an 

important role in the respiratory burst, thus protecting the host from bacterial infection. NO 

is detected as nitrite (NO2
-
) in the supernatant by formation of a pink colour upon 

treatment with the Griess reagent, with maximum absorption at 550 nm. BMMɸ were 
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stimulated overnight with LPS or IFNγ and supernatants harvested and analysed for the 

presence of NO using the Griess reagent to identify secreted nitrite. Atg7
-/-

 and wildtype 

macrophages produced similar basal levels of NO (figure 3.18).  However, following 

overnight stimulation with LPS, wildtype macrophages showed a significant increase in 

nitrite expression to produce a supernatant nitrite concentration of 2 µM, four times the 

basal level.  Similarly, stimulation of wildtype macrophages with IFNγ resulted in a 

supernatant nitrite concentration of 1.6 µM.  In contrast, stimulation of Atg7
-/-

 

macrophages with LPS resulted in no increased production of nitrite above basal levels, 

and stimulation with IFNγ resulted in a small, but significant increase of production. 

Overall, Atg7
-/-

 macrophages show a reduced nitrate burst following stimulation, compared 

with wildtype macrophages. A reduced NO burst following pathogenic stimuli, coupled 

with decreased phagocytic capacity could significantly reduce the ability of autophagy-

deficient macrophages to respond to and eliminate invading pathogens, thereby severely 

impeding the immune response to infection. 

 

Figure 3.18: Loss of autophagy results in a reduced nitrite burst in stimulated macrophages.  BMMɸ were 

stimulated overnight with LPS (1 µg/ml) or IFNγ (10 ng/ml) and supernatant samples taken the following 

day for nitrite analysis using the Griess reagent. Samples were analysed in triplicate and absorbance was 

measured at 550 nm. Nitrite concentration was determined using a standard curve. Error bars represent SD, 

n = 4.  *p<0.05, **p<0.01, un-paired t-test. 
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3.17 Lack of Atg7 reduces antigen presentation capacity in 

macrophages 

In addition to a major role in the orchestration of the early innate response to pathogenic 

infection, macrophages are professional APCs, and as such play an important role in the 

initiation of the adaptive immune response(125). Autophagy is known to play a role in 

antigen presentation by other APCs(8, 9), and as such we investigated the ability of the 

Atg7
-/-

 macrophages to present antigen in a male-antigen-into-female experiment, using 

male-antigen (UTY)-specific CD8 T-cell responses as a readout for a specific immune 

response(126). Male APCs (macrophages or dendritic cells) were injected into female 

recipients and the resultant CD8 response assessed using a male-antigen specific tetramer, 

following a boosting injection with cross-linked vaccinia-UTY. Ten days after boosting, 

wildtype male DCs raised a robust anti-male CD8
+
 response in female recipients. Female 

recipients of male wildtype macrophages registered double the number of UTY-specific 

CD8
+
 T-cells compared to animals that received male Atg7

-/-
 macrophages, indicating that 

Atg7 deficient macrophages had a significantly lower antigen presentation capacity (figure 

3.19).  These data demonstrate reduced in vivo antigen presentation capacity by 

autophagy-deficient macrophages to T-cells, and confirm previous data from other groups 

showing a role for autophagy in antigen presentation. Together with the impaired innate 

immune responses in Atg7
-/-

 macrophages, the reduced antigen presentation capacity 

would substantially blunt their capacity to initiate and direct an appropriate immune 

response to invading pathogens.  This demonstrates that autophagy plays a vital role in 

macrophage ability to produce correct responses following immune stimuli. 
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Figure 3.19: Atg7
-/-

 BMMɸ have impaired antigen presentation in vivo. Wildtype and Atg7
-/-

 macrophages 

and wildtype DCs were derived from male donors and injected into female recipients via the tail vein. 

Immune response was analysed by detection of male-antigen specific (UTY
+
) CD8

+
 T-cells in the blood 2 

weeks post injection. Gating strategy for tetramer staining (left): UTY-tetramer positive cells shown are 

CD19
neg

CD8
+
 cells from lysed blood samples. Graph shows average tetramer positive CD8 T-cells. Data 

representative of two independent experiments, n=4 mice. Error bars represent SEM, *p<0.05, **p<0.01, 

un-paired t-test. 

3.18 Atg7-/- macrophages have altered expression of proteins 

associated with cell structure and function 

Proteomic analysis provides a useful overview of all proteins present in a cell at a 

particular point in time.  Protein extracts were taken from wildtype and Atg7
-/-

 

macrophages and investigated by tandem mass spectrometry, in order to gain a better 

understanding of how loss of autophagy affects cellular biology and function in 

macrophages (Figure 3.20). Important structural proteins such as vimentin, desmin and 

moesin and assembly molecules such as cofilin were found to be significantly upregulated 

in Atg7
-/-

 macrophages. Proteins such as latrophilin, which modulates cellular adhesion 

and Ena/VASP like proteins, which regulate the actin cytoskeleton, were also significantly 

upregulated in Atg7
-/-

 macrophages.  Alterations in expression of such proteins may be 

partly responsible for the altered morphology of Atg7
-/-

 macrophages visible by 
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microscopy.  In addition to these structurally related proteins, the autophagy substrate p62 

was expressed at higher levels in Atg7
-/- 

macrophages, reflecting its accumulation in the 

absence of autophagy.  

Protein ID Protein Name Score WT:KO ratio p value 

Structural Proteins    

P20152 Vimentin 1755 0.47 0 

P26041 Moesin 974 0.76 0 

P18760 Cofilin 812 0.68 0 

Q80TS3 Latrophilin 779 KO only KO only 

P24452 
Macrophage capping 

protein 
697 0.73 0 

P70429 Ena/VASP like protein 333 KO only KO only 

P63028 
Translationally-controlled 

tumour protein 
261 WT only WT only 

Q7TPR4 
F-actin cross linking 

protein 
769 1.99 1 

Q9JM76 
Actin-related protein 2/3 

complex subunit 3 
182 1.48 0.98 

P13001 Desmin 464 KO only KO only 

Autophagy    

Q64337 Sequestrome 1 (p62) 429 KO only KO only 

Figure 3.20: Atg7
-/-

 macrophages show altered expression of many structural proteins.  Bone marrow 

derived macrophages were cultured for 7 days and stimulated overnight with LPS (1 µg/ml).  Protein 

extracts were produced from pooled wildtype and Atg7
-/-

 macrophages, adjusted to the same protein 

concentration and analysed by tandem mass spectrometry.  Protein score is a measure of protein abundance.  

Significance is denoted as p<0.05 for proteins with increased expression in Atg7
-/-

 macrophages, and p>0.95 

for proteins with increased expression in wildtype macrophages. Grateful acknowledgements to Dr Benedikt 

Kessler for performing the proteomic experiments and assisting with their analysis. 
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3.19 Increased macrophages in Vav-Atg7 mice 

Study of the role of autophagy in the immune system, and more specifically in 

macrophages, has been greatly facilitated by the use of a mouse model in which the 

essential autophagy gene, Atg7, has been deleted in hematopoietic cells.  These mice, 

known as Vav-Atg7 mice, have a particularly strong phenotype, characterised by severe 

and progressive anaemia and lymphopenia resulting from a stem cell defect, and 

eventually culminating in death at a median age of 12 weeks(54). In spite of the stem cell 

defect, and in contrast to the lymphocytes and erythrocytes, however, cells of the myeloid 

system appear relatively unaffected.  The presence of mature macrophages (based on their 

high expression of F4/80 and CD11b) suggests that autophagy is not essential for 

macrophage survival and development in the same manner as it is for lymphocytes and 

erythrocytes.  In addition to significantly increased numbers of myeloid cells, including 

macrophages, detected in the blood, spleen and peritoneal cavity, infiltration of non-

hematopoietic tissues, such as the heart, liver and pancreas, was also clear in tissue 

sections taken from the mice(57). The infiltrates stained positive for CD68, CD11b and 

myeloperoxidase, and included a high number of immature and maturing macrophages, 

described as reminiscent of MDS or AML. Although resident macrophages appear in most 

major tissues, such high numbers are not normally found in healthy individuals.  The 

increased numbers of macrophages may be as a result of a proliferative advantage, reduced 

cell death, response to pathogenic infection, aseptic inflammation or as a result of a 

proliferative, dysplastic or malignant syndrome.  No proliferative advantage was observed 

in macrophages cultured from bone marrow, however, with similar numbers of F4/80
+
 

CD11b
+
 cells derived from the same number of bone marrow cells.  Where there was a 

discrepancy between final macrophage numbers, Atg7
-/-

 macrophages were invariably 

lower, as a result of increased cell death in the absence of autophagy. Thus macrophage 
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accumulation in tissues is also unlikely to be as a result of a survival advantage conferred 

by loss of autophagy, as more cell death rather than less cell death was detected. However, 

macrophages were only enumerated on the final day of culture, so an early (but limited) 

proliferative burst cannot be discounted. Macrophage proliferation in culture could be 

assessed by labelling bone marrow with a cell proliferation dye, such as CFSE, and 

analysing numbers and proliferation of F4/80
+
 CD11b

+
 cells at different time points during 

culture.   

High levels of myeloid infiltration are also found in MDS, myeloproliferative disorders 

and myeloid leukaemias.  However, when bone marrow from Atg7
-/-

 mice was used to 

reconstitute irradiated mice, little reconstitution was observed and tissue infiltrates in the 

recipients were rarely, if ever, seen(57), suggesting that the macrophage and myeloid 

infiltration is not leukemic in origin. The presence of blasts and anaemia could also 

suggest myelodysplastic syndrome.  However, the anaemia is attributable to a cell specific 

loss of autophagy, as a RBC specific deletion of Atg7 also gives rise to anaemia in mice, 

though not as severe as in the Vav-Atg7 model(2) and increased blasts can also be 

attributed to acute infection or inflammation. Single cell colony formation assays 

performed in our lab have shown that both Atg7
-/-

 HSCs and the myeloid granulocyte-

macrophage progenitor (GMP) give rise to fewer and smaller colonies than their wildtype 

counterparts, shedding doubt on the proliferative capacity of myeloid precursors, at least 

ex vivo (Alec Watson, unpublished observations).  Furthermore, karyotype analysis of 

infiltrates showed no evidence of translocations or major deletions, though there were 

some minor deletions (unpublished data from our lab). This does not rule out MDS as the 

cause of increased macrophage (and neutrophil, as will be discussed in future chapters) 

numbers but, given the lack of genetic alterations and proliferative capacity of myeloid 

precursors, other non-proliferative explanations are also possible. Increased numbers of 
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macrophages also migrate to and proliferate at the site of infection, however infection is 

unlikely to be the cause of the increased macrophage numbers in this case as the animals 

are kept under SPF conditions and no signs of infection have ever been observed by the 

researcher or the animal house staff, or present in histological sections, macrophage 

cultures or by microscopy.  Localised acute infection would increase macrophage numbers 

at the site of infection and potentially increase monocytes in the blood, but would be 

unlikely to cause increased macrophages in non-hematopoietic tissues away from the site 

of infection. Chronic infection could possibly give rise to a more general infiltration; 

however, with such severely reduced lymphocytes any infection would quickly overwhelm 

Vav-Atg7 mice.  

Systemic inflammation and chronic inflammatory signalling could also result in increased 

numbers of macrophages in various tissues.  With high levels of cell death amongst RBCs, 

lymphocytes and other autophagy-deficient cells and reduced phagocytic capacity, 

macrophages could be activated to release inflammatory cytokines and chemokines by 

ingestion of necrotic cells or DAMPs released by the dying cells(127), thereby attracting 

neutrophils into tissues as well.  As will be discussed in chapters 4 and 5, autophagy-

deficient macrophages do indeed secrete high amounts of inflammatory cytokines and 

chemokines even in the absence of externally applied stimuli, potentially resulting in a 

feedback loop of inflammation and contributing to the eventual stem cell failure.  Levels of 

cytokines and other immune products could be assessed in the tissues by ELISA or 

multiplex to assess levels of systemic inflammation.  Infant mice could also be treated with 

anti-inflammatory or cytokine blocking substances to see if this could prevent or reduce 

the myeloproliferation and potentially the bone marrow failure. 
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3.20 Altered macrophage morphology in the absence of Atg7 

and accumulation of cytoplasmic vacuoles 

Ex vivo and bone marrow-derived Atg7
-/-

 macrophages were found to have altered 

membrane morphology on microscopic analysis, with reduced numbers and length of 

characteristic macrophage projections clearly visible by light, confocal and, particularly, 

electron microscopy.  Membrane ruffling and pseudopodia/filopodia formation are vital to 

macrophage function, playing important roles in macrophage polarisation(128), adhesion, 

migration(129) and phagocytosis(130). Pseudopodia are composed of microtubule and 

filamentous structures and polymerised actin.  A lamellipodium (small protrusion) extends 

from the plasma membrane, supported by filaments that assemble at the leading edge.  

Cytoplasm fills the growing lamellipodium, forming pseudopodia(131). Proteomic 

analysis found altered expression of several actin and microfilament related proteins, 

which may influence membrane ability to form into pseudopodia or lamellipodia. Desmin, 

a type III intermediate filament that was found at increased levels in Atg7
-/-

 mice, helps 

give cells structure.  Accumulation of desmin aggregates in muscle cells results in 

cardiomyopathy, a process which is usually controlled by autophagy(132). Such 

aggregations in macrophages may play a role in blocking pseudopodia formation. 

Vimentin is another intermediate-type filament, overexpression of which is important in 

macrophage differentiation(133). Vimentin is also known to inhibit autophagy by binding 

with beclin-1 and 14-3-3, thereby contributing to tumorigenesis(134). Macrophage capping 

protein is a member of the actin-binding protein family, which is crucial for the 

organisation of the actin cytoskeleton, and is thought to play a role in migration and 

metastasis(135).  Overexpression, such as seen in Atg7
-/-

 macrophages, increases motility, 

and may partly explain how macrophages are able to so easily infiltrate tissues in Vav-

Atg7 mice. These proteins may be autophagic substrates under normal cellular conditions, 
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and therefore accumulate in the absence of autophagy, potentially interfering with cell 

shape and motility. Unlike the previously mentioned proteins, which had increased 

expression in Atg7
-/-

 macrophages by proteomic analysis, F-actin cross linking protein 

(Alpha actinin-1) has reduced expression. Alpha actinin is a major component of 

lamellipodia(136), and a reduction in expression could well result in decreased membrane 

processes. The actin related protein 2/3 (Arp2/3) complex also had lower expression in 

Atg7
-/-

 macrophages.  Arp2/3 builds lamellipodial networks by initiating actin filament 

branching, and plays a major role in lamellipodia extension(137), but is dispensable for 

migration and chemotaxis(138). It is not clear how loss of autophagy, which is primarily a 

protein degradation mechanism, would result in decreased protein expression.  However, 

proteins from the Arp complex are known to interact with autophagic machinery(139), 

potentially generating signals required for Arp2/3 initiation or up-regulation of 

expression(140). Autophagy has also been shown to modulate cell shape and spreading in 

macrophages through the action of Rho GTPase pathways(141).  

In addition to altered morphology, a significant vacuolisation of the cytoplasm was seen in 

LPS stimulated Atg7
-/-

 macrophage electron micrographs.  Staining with Nile Red revealed 

increased lipid droplets, which contain cholesterol and are known to be degraded through 

the action of autophagy(122), thereby contributing to the pathogenesis of 

atherosclerosis(142). However, the degree of staining cannot fully explain the 

vacuolisation visible by EM.  The vacuoles are light in colour and appear to contain little 

or no cytoplasm.  They are bounded by a single membrane, and are therefore not 

composed of incomplete autophagosomes. Their relatively close position to the cell 

membrane suggests they could be pinosomes, which at 50 – 250 nm in size fit the 

dimensions of the observed vacuoles. Pinosomes can be autophagic substrates(143), and 

loss of autophagy is not known to negatively influence pinocytosis.  Thus the vacuolisation 



Chapter 3 – Autophagy influences innate macrophage functions 

Page | 75  

 

may be less visible in the LPS-stimulated wildtype macrophages due to degradation of the 

pinosomes via autophagy.  A pinocytosis inhibitor such as amiloride(144) could be used to 

block pinocytosis in macrophages and assess whether the vesicles are not present 

following treatment. However, amiloride can also affect actin, which may cause other 

morphological problems(145). Similarly, the vacuoles could represent small endosomes 

formed under the same conditions, which could be assessed by staining for endosomal 

markers such as LAMP, VAMP and Arf6, or by use of endocytosis inhibitors, such as 

Chlorpromazine or Filipin(144). 

The presence of cytoplasmic vacuoles may also contribute to the increased granularity 

observed by flow cytometry in Atg7
-/-

 macrophages, as could the lipid droplets.  Although 

SS was higher in both unstimulated and LPS stimulated-Atg7
-/-

 macrophages, the increase 

following stimulation was not as great as that observed in wildtype macrophages.  

Granularity is often taken as a measure of differentiation or activation due to the increased 

lysosomes and other organelles, including mitochondria, in activated macrophages(121). 

This suggests that unstimulated Atg7
-/-

 macrophages may have a higher activation state 

than unstimulated wildtype macrophages, possibly from endogenous production of 

cytokines or sensitivity to serum present in the media.  It is also possible that accumulation 

of protein aggregates and organelles in the absence of autophagy creates more light 

scattering in the cytoplasm, thereby contributing to higher SS by flow cytometry. 

3.21 Defective autophagy in Atg7-/- macrophages 

Deletion of the essential autophagy gene Atg7 in hematopoietic cells leads to defective 

autophagy in macrophages.  Very few autophagosomes were present in unstimulated or 

IFNγ stimulated Atg7
-/-

 macrophages, though a small but significant increase in 

autophagosomes was visible in LPS stimulated macrophages by fluorescence microscopy.  
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Atg7 is essential for canonical autophagy(46), however an Atg7/Atg5 independent, non-

canonical pathway has since been described(146), which does not require Atg7 or Atg5 

and does not result in lipidation of LC3. Non-canonical autophagy was detected in several 

embryonic tissues and appeared to have a role in clearance of mitochondria during 

erythrocyte maturation under the conditions tested. Although lipidation of LC3 is not 

involved in the non-canonical pathway, double-membraned autophagosomes are still 

formed, which may be what is seen in LPS-stimulated Atg7
-/-

 macrophages.  However, the 

alternative pathway is clearly not able to completely substitute for canonical autophagy in 

these macrophages, or in Vav-Atg7 mice in general, as the phenotype of the mice is still 

severe. Non-canonical autophagy also appears to have different inducing stimuli than 

classical autophagy, being stimulated by etoposide but not rapamycin, though both 

pathways can be stimulated by starvation.  This differential signalling requirement may 

also explain why autophagosomes were only visible in LPS, but not IFNγ-stimulated 

Atg7
-/-

 macrophages. Additionally, punctate LC3 has been observed previously in 

macrophages transfected with LC3-GFP, even in the absence of autophagic 

stimulation(92), in Atg7
-/-

 hepatocytes(46), and in primary Atg7
-/-

 macrophages in our 

laboratory, using Imagestream analysis or particular antibodies. The origin of these puncta 

is possibly non-lipidated LC3, or incomplete autophagosomes, such as those that are 

visible by electron microscopy, and therefore likely not representative of true classical 

autophagosomes. Further assessment of the origin of LC3 puncta in autophagy-deficient 

cells may need to be done via very high resolution confocal microscopy in order to 

confidently assert that the occasionally higher LC3 staining observed in Atg7
-/-

 cells is not 

due to autophagy.  

Some autophagosomes were also present in unstimulated wildtype macrophages that had 

been incubated in complete medium.  These could represent basal autophagy due to 
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normal cellular function, or as a result of declining nutrient content in the media after 7 

days of culture.  

3.22 Higher cell death in Atg7-/- macrophages 

Autophagy is known to be involved in cellular survival in both tumours(4) and primary 

cells(77, 124). As such it is not surprising to find higher cell death in Atg7
-/-

 macrophages 

than in wildtype macrophages.  However, unlike in T-cells and B-cells, which are severely 

reduced(72, 77) as a result of loss of autophagy, numbers of macrophages in the tissues, 

blood and peritoneal cavity of Vav-Atg7 mice are increased, not decreased, in spite of their 

increased susceptibility to cell death.  This suggests that autophagy is not as important as a 

survival factor in macrophages as in lymphocytes.  Indeed, while Atg7
-/-

 CD4 and CD8 T-

cells had 2 and 2.4 times, respectively, the proportion of caspase-3
+
 cells(147), the 

proportion of  Atg7
-/-

 bone marrow-derived macrophages was only 20% higher than in 

wildtype unstimulated macrophages, increasing to 30% higher following LPS stimulation. 

A similar pattern was observed in Annexin V staining, though cell death did increase by a 

larger amount following LPS stimulation.  Reduced survival in lymphocytes in the absence 

of autophagy is likely due to the accumulation of damaged mitochondria, as autophagy 

plays an essential role in mitochondrial control in peripheral T lymphocytes(148). 

Macrophages (and neutrophils) have comparatively fewer mitochondria(149) and, as such, 

mitophagy is likely less important to macrophages.  Macrophages do, however, produce 

large amounts of ROS(150), which are vital for macrophage killing mechanisms(151) as 

well as playing a major signalling role(152). As such, macrophages have specially adapted 

antioxidant and ROS scavenging responses that help to control ROS levels within the cell, 

and prevent damage, such as the Nrf2 pathway, which results in upregulation of 

antioxidant molecules(153). However, ROS also stimulate autophagy(154), and autophagy 
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plays a role in protection against ROS by removing damaged mitochondria(155).  This 

suggests that although macrophages have developed antioxidant mechanisms to help them 

prevent oxidative stress, the loss of one such pathway, autophagy, renders them more 

sensitive to cell death, particularly following stimulation. This hypothesis could be tested 

by culturing macrophages in the presence of antioxidants such as N-acetyl-Cysteine 

(NAC) or the mitochondrial ROS-specific antioxidant diphenylene iodonium (DPI)(156), 

and assessing whether their addition reduced cell death levels in Atg7
-/-

 macrophages.  

2.23 Loss of autophagy results in reduced phagocytosis and 

nitric oxide burst in macrophages 

Phagocytosis is one of the fundamental anti-pathogenic defences in the macrophage 

arsenal.  In Atg7
-/-

 macrophages, phagocytosis of latex beads was found to be significantly 

reduced, but not abolished, with 50% of macrophages bead positive in Atg7
-/-

 cultures 

compared with 60% in wildtype, and little increase observed in Atg7
-/-

 macrophage 

phagocytosis following LPS stimulation.  The residual phagocytosis suggests that 

autophagy is not directly required for phagocytosis of beads, but rather that its role is 

indirect.  Other forms of phagocytosis (e.g. bacteria or opsonised RBC) were not assessed, 

and may require autophagy to a greater or lesser extent, though similar machinery is 

required for most phagocytic substrates.  Investigation of downstream events of 

phagocytosis would be an interesting follow up to this experiment, to determine whether 

loss of autophagy also inhibited intracellular killing, as in the case of Mycobacterium 

Tuberculosis, or degradation of phagosomes contents.  

As discussed earlier, lamellipodia formation appears to be affected by the loss of 

autophagy.  Reorganisation of actin filaments at the surface is required for particle 

engulfment(130), and changes in expression of this type of protein were observed in 
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Atg7
-/-

 macrophages, potentially reducing the phagocytic response. Alterations in 

membrane dynamics may also affect the expression of phagocytic receptors, such as 

CD11b and Fc Receptor.  Likewise, the increased levels of cell death observed in 

macrophages could also reduce their phagocytic potential.   Autophagy and Atg7 have also 

been shown to have other links with phagocytosis.  For example, Atg7, but not autophagy, 

was found to be important for the recruitment of LC3 to phagosomes (not 

autophagosomes) following TLR mediated phagocytosis(92). Autophagy has also been 

shown by some groups to be required for acquisition of phagocytic functions by 

macrophages, using macrophages derived from Atg7
-/-

 bone marrow(91). By contrast, it 

has also been shown that initiation of autophagy inhibits phagocytosis(93), though this 

may be temporally dependent, with phagocytic particles potentially initiating autophagy to 

prevent the further uptake of particles and allow degradation of phagosomes already 

present. Recently, loss of autophagy has been shown to enhance, not decrease, phagocytic 

uptake of M. Tuberculosis, a phenomenon that was traced to increased scavenger receptor 

expression(94). These data all indicate a close relationship between phagocytic and 

autophagic pathways, which is not surprising due to their close evolutionary 

relationship(157), under varying circumstances of stimulation and phagocytic target 

(bacteria vs. beads, in the presence or absence of stimulation).  However, phagocytosis is 

clearly not dependent on functioning autophagy or Atg7 in some circumstances, 

suggesting phagocytic pathways that are completely independent from autophagy. 

The release of NO following stimulation was also affected by lack of Atg7 in 

macrophages, with very little NO detected in Atg7
-/-

 macrophage supernatants even 

following stimulation with LPS, a known NO stimulant in macrophages(158). NO is 

generated from L-arginine by three different NO synthases, two of which are inducible and 

the third which is upregulated by transactivation of the appropriate gene(159) during 
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inflammation. The role played by NO during inflammation is controversial, with 

conflicting inflammatory and anti-inflammatory roles reported(160). Reduced expression 

of iNOS and inhibition of autophagy have been induced by the same agents, suggesting an 

interconnection of pathways may exist(161). Furthermore, NO exhibits potent inhibitory 

effects on autophagy by reduction of Bcl-2 phosphorylation, which strengthens the Bcl-2-

Beclin 1 interaction and thus disrupts hVps34/Beclin 1 complex formation and initiation of 

autophagy(67). This illustrates a differential role for different species of ROS (of which 

NO is one), with superoxide signalling inducing autophagy(162), whereas NO inhibits 

autophagy(163). Together they could create a signalling feedback loop, whereby increased 

ROS signals to induce autophagy but cannot, and therefore activation of iNOS is inhibited, 

reducing NO production as seen in Atg7
-/-

 macrophages. This could be partly investigated 

through the use of ROS scavengers to block ROS signalling to determine whether this 

could restore normal NO production.  

3.24 Reduced antigen presentation in capacity in Atg7-/- 

macrophages 

Antigen presentation by professional APCs such as macrophages connects the innate 

immune system to the adaptive response.  Antigen presentation requires antigen uptake, 

either by phagocytosis or by infection of the antigen presenting cell, with antigens from 

different sources being processed in different ways. Autophagy has been demonstrated to 

play a role in many aspects of antigen presentation, both in vitro and in vivo, by providing 

an intersection of exogenous or cytosolic antigen, via autophagosomes, with antigen 

processing machinery. However, no research to date has specifically looked at the role of 

autophagy in macrophage antigen presentation.  We used a male-antigen into female 

model to investigate whether loss of autophagy in macrophages influences MHC I 
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restricted antigen presentation to CD8 T-cells, which is known to rely on CD4 help(164). 

Female recipients of male wildtype macrophages registered double the number of UTY-

specific CD8
+
 T-cells compared to animals that received male Atg7

-/-
 macrophages, 

indicating that Atg7 deficient macrophages did not efficiently present UTY-antigen.  This 

could be as a result of impaired antigen processing, which has been shown to involve 

autophagy(165-167), or as a result of reduced surface expression of MHC molecules(168), 

as will be discussed in the following chapter. Furthermore, it is possible that the alterations 

in innate functions caused by loss of autophagy, such as reduced phagocytosis and 

increased cell death, could also indirectly reduce antigen presentation. In order to fully 

understand the role of autophagy in macrophage antigen processing, a more 

comprehensive series of experiments would need to be done to investigate each pathway in 

more detail.  Vav-Atg7 mice would not be an ideal model for this, due to lack of 

lymphocytes, but a macrophage specific Atg7
-/-

 model, using Cre under the control of the 

LysM promoter, could be useful for this investigation(169).  

3.25 Conclusions 

These data reveal that although autophagy is dispensable for macrophage differentiation, it 

nevertheless plays an important role in macrophage innate functions, both directly and 

indirectly, and that, in the absence of autophagy, many innate functions are significantly 

reduced. Deletion of Atg7 results in a significant blunting of autophagic potential, with 

little evidence of autophagosome formation in unstimulated or IFNγ-stimulated 

macrophages.  However, it is possible that low levels of non-canonical autophagy are 

taking place in response to LPS stimulation, though if true it is insufficient to rescue the 

altered innate functions of macrophages.  Loss of autophagy results in alterations in 

macrophage shape and production of lamellipodia, which may then have knock-on effects 
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in the reduction of phagocytosis, adhesion and migration, all of which are vital to 

macrophage function.  Phagocytosis was not fully abolished in the absence of autophagy, 

suggesting an indirect role for autophagy or Atg7 in this instance.  However, it is also 

possible that even this level of reduction in phagocytic capacity could severely hamper 

immune responses.  In addition, the NO burst from stimulated and unstimulated 

macrophages was severely blunted in the absence of autophagy, possibly as a result of 

increased ROS supressing NO production.  Finally, presentation of the male-antigen UTY 

was also significantly reduced in the absence of autophagy, indicating that autophagy in 

macrophages influences the initiation of adaptive responses as well as influencing vital 

innate functions.  Together, this shows that autophagy has a vital role in the capacity of 

macrophages to generate appropriate innate responses to challenge, and to initiate adaptive 

immune responses by antigen presentation to T-cells.
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4.1 Surface receptor trafficking  

All immune cells rely on the surface expression of specific receptors for activation, 

signalling and vital effector functions. Most surface markers are synthesised and trafficked 

to the cell surface via the ER-Golgi standard secretion system. However, some receptors, 

such as MHC I and MHC II, have specialised pathways for transport to the cell surface, to 

allow for processing and binding of antigenic peptides in the correct manner or for other 

modification vital to receptor function. 

Surface, and other, proteins are synthesised in the ER, which is responsible for the folding, 

quality control and glycosylation of much of the cellular proteome. Following synthesis, 

most proteins are transported to the Golgi, which provides a membrane scaffold for 

binding of various vital signalling and sorting proteins that are essential for further 

transport(170). The Golgi are stacked in a highly ordered morphology, with the outer 

cisternae facing the trans-Golgi network (TGN), which is a tubular vesicular cluster 

required for execution of final sorting steps to post-Golgi destinations such as the 

endocytic pathway. From the TGN, proteins can either traffic directly to the plasma 

membrane, or be sorted into early or recycling endosomes(171). 

MHC I transport to the plasma membrane occurs through a slightly different mechanism. 

MHC I molecules are generated in the ER, from where they receive their antigenic peptide 

sequences via the transporter for antigen processing (TAP), which translocates peptides 

into the lumen of the ER from the cytosol or nucleus in an ATP-dependent manner. 

Successful peptide binding allows the release of MHC I molecule from the MHC class-I-

loading complex for delivery to the cell surface via the Golgi as part of the standard 

secretory pathway(172). 

MHC II molecules are composed of α- and β-chains that are assembled in the ER, together 

with a chaperone protein called the invariant chain (Ii) that serves to stabilize the αβ 
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heterodimer and prevent inappropriate binding of antigen to the peptide-binding 

groove(173). Once formed, the αβ-Ii complex leaves the ER, traffics through the Golgi and 

trans-Golgi TGN, and is delivered to endocytic multivesicular bodies (MVBs) and 

lysosomes, which are collectively called MHC II compartments (MIICs). MIICs are 

proteolytically active compartments where proteins are processed into peptides. However, 

there is debate about whether MHC II complexes traffic via endocytic compartments at all, 

with some research arguing that they are able to travel directly from the TGN to the 

plasma membrane, and from there enter early recycling endosomes or the endocytic 

pathway(174). It is possible that neither pathway is mutually exclusive, with some 

complexes trafficking directly to the cell surface, and others travelling via MVBs and 

MIICs. The use of multiple pathways may ensure that newly-synthesized MHC II 

molecules have maximum access to potential foreign antigens present in many different 

intracellular compartments(175).  Antigens can bind MHC II following degradation of the 

Ii(176). Trafficking of MHC II-peptide complexes from the MVBs to the membrane is 

much less understood. Some experiments using time-lapse fluorescence microscopy have 

shown direct fusion of MIICs with the plasma membrane,  however this is not thought to 

be the major pathway used(177). Other studies have shown that MHC II traffics from 

within MVBs to the plasma membrane via the formation of long tubular organelles that 

extended into the cellular periphery. Vesicles form from the tips of the tubules and non-

selectively incorporate MHC II, from where they are thought to travel to the plasma 

membrane(178). 

4.2 Autophagy and regulation of inflammation 

The autophagy pathway and associated proteins also play a role in regulation of the 

inflammatory response, through control of inflammatory transcriptional responses and 
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induction of the inflammasome. Genetic disruption of autophagy is associated with several 

inflammatory diseases, including Crohn’s disease(179-181), systemic lupus 

erythematosus(182), asthma(183) and rheumatoid arthritis(184). The inflammasome is a 

multi-protein complex induced by pathogens or other stressors to release pro-inflammatory 

cytokines(185). Endotoxin-stimulated autophagy-deficient macrophages release increased 

levels of the inflammatory cytokines IL-1β and IL-18 due to increased activation of 

caspase 1(186) or mitochondrial DNA (mtDNA) release and elevated reactive oxygen 

species present in the cytoplasm(7). Autophagy normally acts to remove damaged 

mitochondria from the cytoplasm, thereby reducing mtDNA release and regulating the 

inflammatory response. Conversely, activation of autophagy by inflammatory signalling 

serves to dampen the immune response and inflammatory cytokine production by targeting 

ubiquitinated inflammasomes for destruction(187).  

Inflammasome-independent regulation of the inflammatory response has also been 

reported. Inhibition of autophagy in PBMCs resulted in significantly increased IL-1β 

production following stimulation with TLR2 or TLR4 ligands, while simultaneously 

reducing TNFα expression, whereas induction of autophagy by starvation resulted in 

decreased IL-1β production. Inflammasome activation was not observed, but rather 

changes in cytokine production occurred on a transcriptional level, possibly involving 

inhibition of p38 MAPK phosphorylation(188). Furthermore, accumulation of p62 in 

autophagy-deficient cells results in activation of the pro-inflammatory transcription factor 

NF-κB(189) and enhanced activity of the stress-induced transcription factor Nrf2(190), 

which can also result in increased inflammatory cytokine expression. 

Control of inflammation by autophagy illustrates its diverse role in the immune system, 

whereby it not only ensures the initiation of the correct immune response, but also prevents 

excessive inflammatory signalling at the conclusion of infection. 
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4.3 Autophagy in the regulation of surface antigen 

presentation and the inflammatory response 

This chapter explores a novel role for autophagy in surface expression of important 

macrophage surface markers such as MHC II and CD86.  Loss of autophagy results in 

reduced surface expression of such important receptors and a diminished upregulation 

following stimulation. However, similar levels of protein are produced, but trapped inside 

the cell, suggesting that autophagy or autophagy machinery contributes to the surface 

marker expression pathways.  Furthermore, autophagy-deficient macrophages are shown to 

be highly inflammatory, producing higher levels not only of inflammasome-associated 

cytokines, but other inflammatory cytokines, chemokines and growth factors.  Together, 

these may contribute to the increased numbers of myeloid cells present in Vav-Atg7 mice. 
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4.4 Atg7-/- macrophages inefficiently up-regulate MHC II and 

other surface molecules following stimulation with LPS or IFNγ 

To effectively respond to immune stimuli and generate appropriate responses, 

macrophages need to be able to up-regulate surface antigens associated with immunity, 

such as the antigen presentation molecule MHC II. MHC II levels were assessed by flow 

cytometry after overnight stimulation with LPS or IFNγ. Expression of MHC II was  

 

 

Figure 4.1: Expression of the antigen presentation molecule MHC II on BMMɸ. BMMɸ were stimulated 

overnight with LPS (1µg/ml) or IFNγ (10 ng/ml) and analysed by flow cytometry. Top: Representative 

histograms of MHC II on wildtype and Atg7
-/-

 macrophages following stimulation. Bottom: MHC II 

expression on wildtype and Atg7
-/-

 macrophages as represented by MFI.  Results are representative of six 

independent experiments, n = 4. Error bars represent SD. *p<0.05, **p<0.01. 
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detectable on Atg7
-/-

 macrophages and generally increased following stimulation (figure 

4.1).  In the majority of experiments, expression was significantly lower on Atg7
-/-

 

macrophages. 

However, there were instances where MHC II expression was similar or slightly increased 

on unstimulated Atg7
-/-

 macrophages (not shown). Expression following LPS or IFNγ 

stimulation was always lower on Atg7
-/-

 macrophages, nevertheless.  Decreased MHC II 

expression following stimulation could indicate that Atg7
-/- 

macrophages cannot fully  

 

 

Figure 4.2: Expression of the co-stimulatory molecule CD86 on BMMɸ. Macrophages were cultured as 

described in figure 1.8.1 and analysed by flow cytometry. Top: Representative histograms of CD86 on 

wildtype and Atg7
-/-

 macrophages. Bottom: CD86 expression on wildtype and Atg7
-/-

 macrophages as 

represented by MFI.  Results are representative of six independent experiments. Error bars represent SD, n 

= 5. **p<0.01. 
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mature in response to immune stimuli, which could reduce their functional capacity in 

response to pathogens.  CD86 is expressed on APCs such as macrophages, and provides 

co-stimulatory signals that are required for T-cell activation concomitantly with 

TCR/MHC interactions.  Both wildtype and Atg7
-/-

 macrophages express CD86 in the 

resting state (figure 4.2), and CD86 expression increased on both following stimulation 

with LPS or IFNγ.  However, Atg7
-/-

 macrophages expressed a significantly lower level of 

CD86 than wildtype macrophages, and similarly to MHC II, had a significantly smaller up-

regulation following stimulation. 

TLR4 is a PRR that is highly expressed on macrophages and recognises the bacterial 

endotoxin LPS.  Signal transduction through TLR4 and its co-receptor CD14 creates a 

cascade of signalling events that result in differential expression of surface molecules and 

expression of cytokines amongst other things(191).  As reduced TLR4 expression could 

result in reduced downstream signalling, and therefore potentially altered expression of 

many other surface antigens, TLR4 and CD14 expression were investigated on Atg7
-/-

 

macrophages.  

 

Figure 4.3: TLR4 expression on BMMɸ. Macrophages were cultured as described in figure 1.8.1 and 

analysed by flow cytometry.  TLR4 expression on wildtype and Atg7
-/-

 macrophages was assessed by plotting 

MFI of TLR4 fluorescence for each sample.  Results are representative of six independent experiments. Error 

bars represent SD, n = 6. **p<0.01. 
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TLR4 and CD14 expression was significantly reduced on autophagy-deficient 

macrophages, both  before and after stimulation. TLR4 was variable on both wildtype and 

Atg7
-/-

 mice (figure 4.3), but was lower on average on Atg7
-/-

 macrophages for all stimuli.  

Furthermore, TLR4 was not significantly up-regulated on autophagy-deficient 

macrophages following LPS stimulation, unlike in wildtype macrophages, where 

expression increased by almost 50%.  IFNγ stimulus also caused a small increase in TLR4 

expression on wildtype macrophages that was not seen Atg7
-/-

 macrophages. 

Expression of the co-receptor CD14 was much more consistent between mice from both 

experimental groups (Figure 4.4).  Atg7
-/-

 macrophage CD14 levels were significantly 

lower for all stimuli.  However, the magnitude of expression increase following LPS 

stimulation was similar in both groups. 

 

Figure 4.4: Decreased CD14 expression on Atg7
-/-

 BMMɸ. Macrophages were cultured as described in 

figure 4.1 and surface marker expression analysed by flow cytometry.  CD14 expression on wildtype and 

Atg7
-/-

 macrophages was assessed by plotting the MFI of CD14 fluorescence for each sample. Result shown 

is representative of six independent experiments. Error bars represent SD, n = 6. *p<0.05, **p<0.01, 

un-paired t-test. 

 

 

unstimulated LPS IFNg

0

50

100

150

200

250

300

C
D

1
4

 M
F

I

WT macrophages

Atg7-/- macrophages

**

**

*



Chapter 4 – Loss of autophagy influences surface receptor recycling and inflammation 

Page | 93  

 

Other macrophage specific (e.g. M-CSFR) and non-specific (e.g. CD48) surface markers 

were also analysed by flow cytometry in order to determine whether all surface markers 

were similarly affected by loss of autophagy (figure 4.5). The majority of surface markers 

investigated show reduced expression on Atg7
-/-

 macrophages.  

Marker Atg7
-/-

 

F4/80 ±/● 

CD11b ● 

MHC I  

MHC II  

CD47  

CD48  

TLR4  

CD86  

Mannose receptor  

CD13 ± 

CD14  

M-CSFR  

Figure 4.5 – Surface marker expression on autophagy-deficient macrophages relative to wildtype. BMMɸ 

were stimulated overnight as previously indicated, prior to staining for analysis by flow cytometry.  

Expression of each marker is determined by average geometric mean of fluorescence (MFI) relative to 

wildtype macrophages.  Only significant results are shown. ↓ Decreased expression in Atg7
-/-

 macrophages, 

● similar expression in Atg7
-/-

 macrophages, ± variable expression on Atg7
-/-

 macrophages. 

4.5 Disruption of surface antigen expression is not Atg7 

specific 

Our animal model has a hematopoietic system-specific deletion of Atg7 in order to inhibit 

the autophagy pathway. However, several Atg genes have separate roles outside the 

autophagy pathway(192), and it is likewise possible that the defect in surface antigen 



Chapter 4 – Loss of autophagy influences surface receptor recycling and inflammation 

Page | 94  

 

expression is due to an autophagy-independent role for Atg7.  As such, chemical inhibitors 

of autophagy were applied to wildtype macrophages to determine whether altered 

expression of surface antigens is Atg7 specific or due to lack of autophagy.  BMMɸ were 

cultured from wildtype mice in media supplemented with wortmannin and stimulated 

overnight before analysis of certain antigens by flow cytometry.  Similar to Atg7
-/-

 

macrophages, wildtype macrophages cultured in the presence of the autophagy inhibitor 

wortmannin expressed less MHC II than untreated macrophages (figure 4.6).  Furthermore, 

LPS stimulation of wortmannin treated macrophages decreased mean MHC II 

fluorescence, unlike untreated macrophages where MHC II expression increased with 

stimulation.  IFNγ induced a small increase in MHC II expression in treated macrophages, 

but expression remained significantly lower than in untreated macrophages.  CD86 and 

TLR4 expression were also analysed on wortmannin treated macrophages (not shown) and 

found to be significantly lower, in a similar manner to Atg7
-/-

 macrophages. 

 

Figure 4.6: Chemical inhibition of autophagy using wortmannin also causes a reduction in MHC II 

expression.  Wildtype macrophages were cultured in the presence of the autophagy inhibitor, wortmannin 

(100nM) for 7 days, stimulated overnight with LPS or IFNγ as previously described and stained for flow 

cytometry.  MHC II expression on wildtype and Atg7
-/-

 macrophages was assessed by plotting MFI of 

MHC II fluorescence for each sample. Results are representative of 2 independent experiments. Error bars 

represent SEM, n = 4.  *p<0.05, **p<0.01, students t-test.   



Chapter 4 – Loss of autophagy influences surface receptor recycling and inflammation 

Page | 95  

 

To determine whether induction of autophagy could positively modulate surface antigen 

expression, wildtype macrophages were cultured in the presence of the autophagy inducer, 

rapamycin. Induction of autophagy resulted in increased MHC II expression following 

stimulation with LPS or IFNγ, though there was some variation in expression following 

IFNγ stimulus (figure 4.7). Rapamycin treatment of unstimulated macrophages, however, 

resulted in similar expression to untreated macrophages.  Expression of CD86, TLR4 and 

MHC I were also analysed after treatment with rapamycin, and were found to be increased 

in a similar manner to MHC II (not shown).   

 

Figure 4.7: Chemical induction of autophagy using rapamycin causes increased MHC II expression 

following stimulation.  Wildtype macrophages were cultured in the presence of the autophagy inducer, 

rapamycin (1 µM) for 7 days, stimulated overnight with LPS or IFNγ as previously described. MHC II 

expression on wildtype and Atg7
-/-

 macrophages was assessed by plotting MFI of MHC II fluorescence for 

each sample.  Results are representative of 2 independent experiments. Error bars represent SEM, n = 4.  

*p<0.05, **p<0.01, ns = not significant, students t-test.   

Finally, expression levels of important surface markers such as MHC II were analysed on 

macrophages derived from the bone marrow of mice in which the essential autophagy gene 

Atg5(114) had been deleted using the same vav-iCre system used to delete Atg7 in our 

model. BMMɸ were cultured and stimulated in the same manner as for Atg7
-/-
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macrophages.  Atg5
-/- 

macrophages showed a similar reduction in MHC II expression as 

seen for Atg7 deficient macrophages (figure 4.8), both prior to stimulation and after 

stimulation with LPS or IFNγ. 
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Figure 4.8:  Reduced expression of MHC II on macrophages deficient in the essential autophagy gene Atg5. 

Macrophages were cultured from Atg5
-/-

 bone marrow for 7 days in the presence of M-CSF (20 ng/ml), 

stimulated overnight as previously described. MHC II expression on wildtype and Atg5
-/-

 macrophages as 

represented by MFI.  Results are representative of 2 independent experiments, n=4. Error bars represent 

SEM. *p<0.05, **p<0.01. 

Previous data from our laboratory has also shown reduced MHC II surface marker 

expression on Atg7
-/-

 dendritic cells upon LPS stimulation and reduced TCR expression on 

Atg7
-/- 

T-cells(147), suggesting that this effect is not restricted to the macrophage lineage.  

4.6 Altered expression of surface antigens is not limited to 

stimulation via TLR4  

Macrophages are able to recognize a variety of PAMPs via different TLRs in addition to 

TLR4.  Given the relationship between TLRs and autophagy, we investigated whether the 

effect is extended to signalling in response to other TLR ligands. Atg7
-/-

 macrophages were 

stimulated overnight with heat killed Listeria Monocytogenes (HKLM), a TLR2 ligand, or 
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polyinosinic-polycytidylic acid (Poly I:C), a synthetic double stranded RNA and TLR3 

ligand.  Stimulation via alternate TLR pathways did not overcome the surface expression 

defect, with levels of MHC II on Poly I:C or HKLM stimulated macrophages significantly 

lower than on wildtype macrophages (figure 4.9).  Indeed, Poly I:C stimulation resulted in 

no significant up-regulation of expression in Atg7
-/-

 macrophages at all, whereas HKLM 

produced a small increase in expression.  The surface markers CD86, MHC I, CD47 and 

CD48 were also investigated following Poly I:C and HKLM stimulation, and were also 

found to be significantly lower in Atg7
-/-

 macrophages (data not shown), suggesting that 

this defect is not specific to signalling via a specific receptor. 

 

Figure 4.9 – MHC II up-regulation is significantly impaired following Poly I:C and HKLM stimulation in 

Atg7
-/-

 macrophages. BMMɸ were cultured for 7 days, stimulated overnight with HKLM (10
8 
particles/well) 

or Poly I:C (1µg/ml) and stained for flow cytometry.  Expression levels compared using geometric means of 

fluorescence of BMMɸ. n = 5, two independent experiments.  *p<0.05, **P<0.01, un-paired t-test.  

Pathogen or immune signalling through TLRs drives macrophages toward an 

inflammatory phenotype, characterised by up-regulation of certain surface markers as 

described above, the production of various cytokines and increased antigen 

presentation(193).  However, macrophages can also be stimulated by Th2 type cytokines 

(e.g. IL-4, IL-10 and IL-13) or tumour products to become alternately activated 
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macrophages (AAM)(194), producing polyamines and proline which induce cellular 

proliferation and collagen production(59).  AAM are characterised by increased expression 

of the mannose receptor (MR), a C-type lectin carbohydrate-binding protein that is 

involved in pathogen recognition. In order to determine whether the surface marker 

expression and up-regulation defect was limited to type 1, inflammatory macrophages, 

BMMɸ were cultured as before and stimulated with IL-4 and IL-13 to become AAM.  MR 

expression was significantly lower on Atg7
-/-

 macrophages following stimulation with LPS 

or IL-4/IL-13 (figure 4.10).  However, in contrast to other surface markers, expression on 

unstimulated Atg7
-/-

 macrophages was not significantly different than wildtype 

macrophages. 

 

Figure 4.10: Mannose receptor expression on BMMɸ. Macrophages were cultured as described previously, 

stimulated overnight with IL-4 and IL-13 (each 1 µg/ml) and surface marker expression analysed by flow 

cytometry.  Results are representative of two independent experiments, n = 4. Error bars represent SD, n = 

5.*p<0.05, **p<0.01, un-paired t-test. 

Finally, different concentrations of LPS were used to stimulate the macrophages to 

determine whether increasing the signal was sufficient to fully mature the macrophages. 

The highest expression of MHC II was found occurring the at second lowest concentration 

of LPS, and no tested LPS concentration was sufficient to bring Atg7
-/-

 MHC II expression 
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levels in line with their wildtype counterparts (figure 4.11). These data suggest that the 

maturational defect is not limited to specific stimulation pathways and cannot be overcome 

by saturating amounts of stimulation.   

 

Figure 4.11: Increasing concentration of stimuli cannot overcome the up-regulation defect. BMMɸ were 

cultured as previously described and stimulated overnight using increasing concentrations of LPS as shown. 

Overlaid histograms of MFI of MHC II fluorescence from wildtype and Atg7
-/-

 macrophages shown. 

Representative histograms of three independent experiments, n = 4.   

4.7 Loss of Atg7 results in increased cell size in 

macrophages 

As reduced cell size may also appear as reduced apparent surface expression, we compared 

wildtype and Atg7
-/-

 cell size using an imaging flow cytometer. Surface area of F4/80
+
 

CD11b
+
 cells was compared using a cell size Wizard in the ImageStream IDEAS software. 

Atg7
-/-

 macrophages were found to have a larger average surface area than wildtype 

macrophages (figure 4.12), ruling out the possibility that reduced surface expression is due 

to smaller cell size. 
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Figure 4.12: Atg7
-/-

 macrophages have a larger surface area than wildtype macrophages. BMMɸ were 

cultured, stimulated and stained for surface markers as previously described. Cell size was assessed on 

F4/80
+
 CD11b

+
 cells using an image flow cytometer to evaluate surface area. Graph shows average cell 

size, error bars represent SEM, n = 4. Data representative from two separate experiments, *p<0.05 un-

paired t-test. 

4.8 Autophagy influences expression of some genes for cell 

surface proteins 

Lower surface marker expression could be due to reduced or altered gene transcription, 

and thus levels of MHC II, TLR4 and M-CSFR gene expression were investigated.  Gene 

expression was investigated by qPCR analysis of macrophage mRNA using specific 

primers and normalising expression to GAPDH expression within the cells. Naive Atg7
-/-

 

macrophages were found to produce 77% of wildtype MHC II mRNA, but similar levels 

were observed following stimulation with LPS (figure 4.13). 
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Figure 4.13:  Relative MHC II mRNA expression in Atg7
-/-

 macrophages. BMMɸ were cultured and 

stimulated overnight with LPS as previously described.  Total RNA was extracted using Trizol reagent and 

reverse transcribed to cDNA. Values determined using the ΔΔCT method, normalised to GAPDH and 

compared to wildtype macrophages cultured under the same conditions.  Dotted line represents wildtype 

expression levels. Error bars represent standard deviation of 3 experiments, *p<0.05, un-paired t-test. 

Analysis of TLR4 gene expression, however, revealed a significant reduction in expression 

in Atg7
-/-

 macrophages, of less than 50% of wildtype in unstimulated macrophages, and 

increasing to 61% following stimulation with LPS (figure 4.14).  

 

Figure 4.14:  Relative TLR4 mRNA expression in Atg7
-/-

 macrophages. BMMɸ were cultured and stimulated 

overnight with LPS as previously described.  Total RNA was extracted using Trizol reagent and reverse 

transcribed to cDNA. Values determined using the ΔΔCT method, normalised to GAPDH and compared to 

wildtype macrophages cultured under the same conditions.  Dotted line represents wildtype expression 

levels. Error bars represent standard deviation of 3 experiments, *p<0.05, un-paired t-test. 
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Finally, levels of another macrophage specific gene, the M-CSF receptor, were analysed.  

In contrast to TLR4 gene expression, levels of M-CSFR transcripts were found to be 

similar in Atg7
-/-

 and wildtype macrophages (figure 4.15). Unlike MHC II and TLR4 gene 

expression, there was even a small increase above wildtype levels following LPS 

stimulation, though this was not found to be statistically significant.  Together, these data 

suggest that autophagy may influence expression of surface marker genes, though its 

influence varies for each gene and may only be indirect. 

 

Figure 4.15:  Relative M-CSFR mRNA expression in Atg7
-/-

 macrophages. BMMɸ were cultured and 

stimulated overnight with LPS as previously described.  Total RNA was extracted using Trizol reagent and 

reverse transcribed to cDNA. Values determined using the ΔΔCT method, normalised to GAPDH and 

compared to wildtype macrophages cultured under the same conditions.  Dotted line represents wildtype 

expression levels. Error bars represent standard deviation of 3 experiments, *p<0.05, un-paired t-test. 

4.9 Total MHC II expression is similar in Atg7-/- 

macrophages 

As analysis of gene expression had revealed some differences between surface marker 

mRNA levels in Atg7
-/-

 macrophages, it was important to ascertain whether total protein 

levels were altered in a similar fashion. As such, we investigated whether similar amounts 

of MHC II protein were being produced and thereby eliminate the possibility of a protein 
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synthesis defect or low protein production due to reduced gene expression. To determine 

whether wildtype and Atg7
-/-

 macrophages synthesise similar amounts of MHC II protein, 

surface and intracellular staining of MHC II was combined to assess total MHC II intensity 

using an imaging flow cytometer.  Despite minor changes in mRNA expression, Atg7
-/-

 

macrophages unexpectedly showed comparable total levels of MHC II to wildtype 

macrophages (figure 4.16).  Total MHC II fluorescence increased by equivalent amounts 

following stimulation with either LPS or IFNγ, indicating that similar amounts of MHC II 

were being produced in both unstimulated macrophages and following activating stimuli.  

 

Figure 4.16:  Total MHC II expression in macrophages as assessed by ImageStream. BMMɸ were cultured 

and stimulated overnight with LPS as previously described. Harvested macrophages were stained for surface 

markers, and fixed and permeabilised for intracellular MHC II staining. Total MHC II was analysed by 

ImageStream analysis of internal and external MHC II fluorescence intensity of CD11b
+
F4/80

+ 

macrophages. Data representative of 2 independent experiments. Error bars represent SEM, n = 4, ns = not 

significant, un-paired t-test. 

4.10 Atg7-/- macrophages have higher intracellular levels of 

MHC II 

Reduced MHC II surface expression coupled with similar total expression suggested that 

MHC II may be trapped intracellularly in Atg7
-/-

 macrophages. Intracellular MHC II 

content was investigated by permeabilising fixed BMMɸ to allow internal MHC II 
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staining in addition to surface MHC II. The internal MHC II load was assessed by 

applying a surface mask, using CD11b staining, to the macrophages using ImageStream 

IDEAS software.  Intracellular levels of MHC II in Atg7
-/-

 macrophages were significantly 

higher than those of wildtype macrophages (figure 4.17), with the highest internal MHC II 

load occurring in unstimulated macrophages.  Stimulation with either LPS or IFNγ 

resulted in a decrease in internal staining in wildtype and Atg7
-/-

 macrophages, suggesting 

that in Atg7
-/-

 macrophages, intracellular MHC II is still trafficked to the surface following 

stimulation, but not to the same extent as in wildtype macrophages.   

 

Figure 4.17: Intracellular MHC II staining in BMMɸ as assessed by ImageStream analysis. Macrophages 

were cultured, stimulated overnight and stained for the macrophage surface markers, F4/80 and CD11b.  

Cells were then fixed and permeabilised to allow surface and internal MHC II staining. Internal MHC II was 

evaluated using a mask to exclude surface staining and using the internalisation wizard available from 

Amnis. The lower threshold for internal fluorescence was set at 2 arbitrary units. Data representative of two 

independent experiments. Error bars represent SEM, n = 4. **p<0.01, un-paired t-test. 

The micrograph images showed brighter, more punctate internal staining in Atg7
-/-

 

macrophages, relative to the bright surface but diffuse internal staining shown by the 

wildtype macrophages (figure 4.18). There was also significantly less surface MHC II 

visible on the Atg7
-/- 

macrophages, in agreement with the flow cytometry data. These 
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results suggest that MHC II is produced at normal levels in autophagy-deficient 

macrophages, but that it is trapped intracellularly and not presented efficiently on the 

surface of the macrophages during development or maturation. 

 

 Figure 4.18: Surface and internal MHC II staining in BMMɸ. Macrophages were cultured, stimulated and 

stained as described above.  Representative micrographs of F4/80
+
 CD11b

+
 cells from wildtype and Atg7

-/-
 

macrophages, selection of six random images for each genotype. 

4.11 Atg7-/- macrophages show different expression of many 

proteins involved with protein and lysosomal trafficking 

Proteomic analysis of protein extracts taken from Atg7
-/-

 and wildtype macrophages 

revealed differential expression of a variety of proteins involved in trafficking, which may 

be responsible for the reduced surface marker expression capacity of Atg7
-/-

 macrophages 

(figure 4.19). Transport proteins that had increased expression in Atg7
-/-

 macrophages 

include vimentin, an intermediate filament protein that has a role in integrin 

recycling(195), and ezrin, a peripheral membrane protein that facilitates interactions 

between the cytoskeleton and the plasma membrane and has a direct role in the trafficking 
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of some receptors(196). Tumour protein D52 is also known to have a major role in 

lysosomal trafficking to the plasma membrane, with overexpression leading to an 

accumulation of the lysosomal marker LAMP1 on the plasma membrane(196). Cytohesin-

associated scaffolding protein (CASP), is important for the recruitment and assembly of 

protein complexes that are associated with intracellular trafficking and signalling(197), and 

is particularly expressed during times of cellular stress to improve intracellular signalling 

and trafficking. Strikingly, there are also a major group of transport proteins that show 

reduced expression in Atg7
-/- 

macrophages – the Rab proteins, part of the Ras superfamily 

of small GTPases proteins, which have central roles in many aspects of cellular 

trafficking(198). Through their actions, Rabs regulate membrane fusion and vesicle 

movement and formation, and reductions in their expression have been linked to reduced 

surface expression of various receptors(199-201). Higher levels of cytosolic MHC II were 

also observed by proteomic analysis, providing supporting evidence to the data suggesting 

normal production of MHC II, with reduced trafficking to the cell surface. 

Protein ID 
Protein 

Name 
Score 

WT:KO 

ratio 

Transport Related Proteins    

P20152 Vimentin 1755.1 0.5 0 

Q62393 Tumour protein D52 235.5 0.6 0.01 

P70403 Protein CASP 659.7 KO only KO only 

P26040 Ezrin 744.1 KO only KO only 

P61027 Rab 10 231 1.77 1 

P35283  Rab 13 195 WT only WT only 

Q91V41 Rab14 339 1.79 0.96 

Q8K386 Rab 15 140 2.44 0.98 

P62821 Rab 1A 270 1.63 1 

Q9D1G1 Rab 1B 249 1.88 1 

Q504M8 Rab 26 231 1.72 0.98 

Q921E2 Rab 31 406 WT only WT only 
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P63011 Rab 3A 200 WT only WT only 

Q9CZT8 Rab 3B 214 WT only WT only 

P62823 Rab 3C 170 WT only WT only 

P35276 Rab 3D 195 WT only WT only 

Q91ZR1 Rab 4B 234 WT only WT only 

P51150 Rab 7a 332 WT only WT only 

P55258 Rab 8A 213 2.1 1 

P61028 Rab 8B 233 2 1 

Surface markers    

P01904 H-2 class II 

histocompatibility 

antigen, E-D alpha chain 

229 KO only KO only 

P04224 H-2 class II 

histocompatibility 

antigen, E-K alpha chain 

228 KO only KO only 

Figure 4.19: Atg7
-/-

 macrophages show altered expression of many proteins associated with intracellular 

trafficking.  Bone marrow derived macrophages were cultured for 7 days and stimulated overnight with LPS 

(1 µg/ml).  Protein extracts were produced from pooled wildtype and Atg7
-/-

 macrophages, adjusted to the 

same protein concentration and analysed by tandem mass spectrometry.  Protein score is a measure of 

protein abundance.  Significance is denoted as p<0.05 for proteins with increased expression in Atg7
-/-

 

macrophages, and p>0.95 for proteins with increased expression in wildtype macrophages. Grateful 

acknowledgements to Dr Benedikt Kessler for performing the proteomic experiments and assisting with their 

analysis. 

4.12 Autophagy-deficient macrophages are highly 

inflammatory 

As TLR4 expression was shown to be reduced, it was important to determine whether 

signalling was impaired downstream of TLRs.  Downstream signalling was assessed by 

investigating the expression of several cytokines following LPS stimulation using ELISA 

analysis of supernatants and intracellular flow cytometry. In agreement with others(7, 

186), we find increased IL-1β in the supernatant (figure 4.20) following overnight 

stimulation with LPS. However, we also find significantly increased IL-1β secretion in 
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unstimulated macrophages, suggesting an increased inflammatory phenotype in 

autophagy-deficient macrophages even in the resting state. 

 

Figure 4.20: Increased IL-1β secretion by Atg7
-/-

 BMMɸ. Cytokine production was assessed by ELISA of 

macrophage supernatants following overnight stimulation with LPS (1 µg/ml).  Error bars represent SEM, 

graph representative of four separate experiments, n=3. *p<0.05, un-paired t-test. 

However, in contrast to work by other groups(188), we also find significantly increased 

expression of other inflammatory cytokines, namely TNF-α and IL-6. As for IL-1β, 

production of TNF-α was also increased in unstimulated macrophages, with almost 50% of 

Atg7
-/-

 macrophages producing TNF-α in the absence of any external stimulus (figure 

4.21).  Furthermore, even when the macrophages were alternately activated using IL-4 and 

IL-13 to produce an anti-inflammatory phenotype, TNF-α production only declined 

slightly on unstimulated macrophages, and still remained significantly above alternately 

activated wildtype macrophages.  TNF-α levels present in macrophage supernatants were 

also analysed, and found to be significantly increased from both LPS and unstimulated 

macrophages (not shown). 
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Figure 4.21: Increased production of TNF-α in Atg7
-/-

 macrophages. BMMɸ were cultured as previously 

described and stimulated overnight with LPS (1 µg/ml) or IL-4 and IL-13 (1 µg/ml) in the presence of 1x 

Brefeldin A.  Gates for positive cytokine secretion placed according to isotype control staining, plots above 

show only F4/80
+
 CD11b

+
 cells. Top: Representative plots showing TNF-α

+
 macrophages. Bottom: Mean 

TNF-α expressing macrophages per culture.  Error bars represent SEM, n=4. **p<0.01 and ***p<0.001, 

unpaired t-test. 
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IL-6 production showed a slightly different expression pattern to TNF-α, with very little 

increase in expression in Atg7
-/-

 macrophages following stimulation in many cultures 

(figure 4.22).   

 

 

Figure 4.22: Increased production of IL-6 in Atg7
-/-

 macrophages. BMMɸ were cultured as previously 

described and stimulated overnight with LPS (1 µg/ml) or IL-4 and IL-13 (1 µg/ml) in the presence of 1x 

Brefeldin A.  Gates for positive cytokine secretion placed according to isotype control staining, plots above 

show only F4/80
+
 CD11b

+
 cells. Top: Representative plots showing IL-6

+
 macrophages. Bottom: Mean IL-6 

expressing macrophages per culture.  Error bars represent SEM, n=4. **p<0.01, un-paired t-test. 
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This may be because the autophagy-deficient macrophages are already chronically 

stimulated, as IL-6 expression was already very high in unstimulated macrophages.  

Alternate activation decreased expression slightly in Atg7
-/-

 macrophages, but as with 

TNF-α, expression remained significantly higher than in wildtype macrophages. 

In order to assess what effect loss of autophagy has on production of anti-inflammatory 

cytokines, we next analysed production of IL-10. In direct contrast to other groups(202), 

we find IL-10 is also significantly increased in Atg7
-/-

 macrophages, particularly following 

LPS stimulation (figure 4.23). Stimulation using IL-4 and IL-13 also resulted in increased 

IL-10 production in wildtype and Atg7
-/-

 macrophages, though not as strongly as LPS 

stimulation. Although TLR4 and other signalling receptor expression is reduced in Atg7
-/-

 

macrophages, signalling downstream of TLRs is intact and even amplified, as 

demonstrated by cytokine expression. These data suggest that reduced receptor expression 

and up-regulation in the absence of autophagy is not due to decreased signalling via TLR4 

or other signalling receptors.  
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Figure 4.23: Increased production of IL-10 in Atg7
-/-

 macrophages. BMMɸ were cultured as previously 

described and stimulated overnight with LPS (1 µg/ml) or IL-4 and IL-13 (1 µg each/ml) in the presence of 

1x Brefeldin A.  Gates for positive cytokine secretion placed according to isotype control staining, showing 

F4/80
+
 CD11b

+
 cells. Top: Representative plots showing IL-10

+
 macrophages. Bottom: Mean IL-10 

expressing macrophages per culture.  Error bars represent SEM, n=4. *p<0.05, **p<0.01 and ***p<0.001, 

un-paired t-test. 

In addition to cytokines, macrophages produce a plethora of growth factors and 

chemokines which modulate growth and proliferation of other immune cells and attract 

immune effectors to the site of inflammation. The high levels of inflammatory cells in the 

tissues of Vav-Atg7 mice suggest the presence of increased inflammatory signalling, 

including signalling to the bone marrow to up-regulation production of further myeloid 

cells.  As such, macrophage production of the growth factors Granulocyte Colony 

Stimulating Factor (G-CSF) and Granulocyte-Monocyte Colony Stimulating Factor (GM-

CSF) were assessed by intracellular flow cytometry. Close to 100% of macrophages in 

either culture secreted some level of growth factor, based on isotype controls (figure 4.24), 

and as such expression was compared by average MFI. Similar to the cytokines, Atg7
-/-

 

macrophages secreted significantly higher levels of growth factors than wildtype cells.  

Stimulation with LPS appears to result in increased growth factor production, but this was 

not statistically significant. 
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Figure 4.24: Increased production of growth factors G-CSF and GM-CSF in Atg7
-/-

 macrophages.  BMMɸ 

were stimulated overnight with LPS (1 µg/ml) in the presence of 1× Brefeldin A to block protein secretion.  

Macrophages were stained for surface markers F4/80 and CD11b, then fixed and permeabilised for growth 

factor staining. Left:  Increased G-CSF expression in Atg7
-/- 

macrophages. MFI of isotype control was 265.  

Right: Increased GM-CSF expression in Atg7
-/-

 macrophages. MFI of isotype control was 11. Graphs show 

average MFI, error bars represent SEM, n = 5. *p<0.05, **p<0.01, ***p<0.001, un-paired t-test. 

Macrophages also secrete a number of chemokines to attract other immune cells to the 

sites of infection or inflammation, thereby initiating and directing the immune response.  

One such chemokine is the Macrophage Inflammatory Protein (MIP-1α), also known as 

CCL3, which regulates trans-endothelial migration of lymphocytes, DCs and 

neutrophils(203). As with the growth factors and cytokines, expression of MIP-1α was 

significantly elevated in LPS stimulated Atg7
-/-

 macrophages (figure 4.25). In unstimulated 

macrophages, there was variable expression in Atg7
-/-

 macrophages, meaning expression 

was not significantly different.  However, there does seem to be a trend of increased 

expression. 
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Figure 4.25: Increased production of the chemokine MIP-1α (CCL3) in Atg7
-/-

 macrophages.  BMMɸ were 

stimulated overnight with LPS (1 µg/ml) in the presence of 1× Brefeldin A to block protein secretion.  

Macrophages were stained for surface markers F4/80 and CD11b, then fixed and permeabilised for 

intracellular staining. MFI of isotype control was 95. Graph shows average MFI, error bars represent SEM, 

n = 4. *p<0.05, un-paired t-test.  
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4.13 Impaired upregulation of MHC II and other signalling 

molecules 

Analysis of Atg7
-/-

 BMMɸ by flow cytometry revealed a significant defect in their ability 

to express vital surface markers such as MHC II and CD86 and to upregulate expression 

following activating stimuli such as LPS or IFNγ, suggesting a novel role for autophagy in 

surface marker trafficking and expression.   

Upregulation of MHC I and II and co-receptors is an essential pre-requisite for efficient 

antigen presentation, as low expression of either can severely limit their ability to stimulate 

a T-cell response(168, 204, 205).  Although autophagy has been shown to play an 

important role in antigen processing(8, 9, 206), a reduction in MHC II and co-stimulatory 

molecule expression also very likely plays a significant role in reduced antigen-specific 

responses, providing a second route whereby autophagy influences antigen-related 

immune responses. The comparable contribution of reduced surface marker expression to 

impaired antigen processing is difficult to assign from our experiments alone. As 

mentioned above, reduced surface expression with normal autophagy appears sufficient to 

reduce antigen presentation, though autophagy levels were not specifically analysed in 

those experiments.  In their DC-specific Atg5 deletion to assess antigen presentation, Lee 

et al suggested that MHC II and CD86 expression were ‘comparable’ – although their 

provided expression histograms suggest a slight reduction in both following viral 

stimulation, and no statistical analysis of expression is provided to enable a true evaluation 

of expression(9).  Nevertheless, the results do suggest that in the presence of comparable 

MHC II/CD86 expression, antigen presentation is impaired following abrogation of 

autophagy. However, research investigating NOD-2 triggering of autophagy in DCs 

showed a reduction in MHC II expression following siRNA knockdown of Atg5, 7 or 

16L(106).These models highlight contrasting phenotypes of various myeloid autophagy 
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knockouts, as no alterations in phagocytosis or cytokine production were observed by Lee 

et al(9), whereas other research has shown changes in both(92, 94, 186). This may 

represent cell-intrinsic differences, with differing requirements for autophagy in 

macrophages and DC, or potentially differing roles for Atg5 and Atg7.  

Appropriate expression of other macrophage surface markers is also imperative for their 

function, particularly expression of activation receptors such as TLR4 and CD14. Low 

expression of TLR4 correlates with reduced responsiveness to LPS(207) and reduced 

MHC II upregulation(208). Many important macrophage processes require engagement of 

cell surface receptors, and as such appropriate expression is intrinsic to optimal 

macrophage function. Expression of M-CSFR was also significantly decreased in Atg7
-/-

 

macrophages, but this does not appear to have affected macrophage development 

significantly, as similar numbers of macrophages were derived from the same number of 

bone marrow precursor cells. 

Not all surface markers are equally affected by lack of Atg7, suggesting that autophagic 

regulation of surface markers is limited to particular activation or trafficking pathways.  

The macrophage specific marker, F4/80, and the adhesion molecule, CD11b, were 

expressed at normal levels on Atg7
-/-

 macrophages in the majority of experiments.  Where 

there were changes in expression, expression was as likely to be higher as lower, and was 

often variable between samples of both wildtype and Atg7
-/-

 cultures.  However, reduced 

expression of F4/80 and CD11b during development of macrophages derived from Vav-

Atg7
-/-

 bone marrow at day 4 has been observed, which was attributed to a requirement for 

autophagy in M-CSF dependent macrophage development(91).  Although we see no 

significant reduction in expression of either CD11b or F4/80 on day 7 using our 

differentiation protocol, it is possible that development is delayed in Atg7
-/-

 macrophages 

or that the differentiation protocol they used resulted in higher cell death and reduced the 
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numbers of F4/80
high

CD11b
high

 macrophages.  This could be confirmed by analysing F4/80 

expression over each day of the 7 day culture period and comparing the rate of 

upregulation over the time course.  

4.14 Disruption of surface antigen expression is not Atg7 

specific 

Chemical inhibition of autophagy using Wortmannin produced a similar reduction in MHC 

II expression to Atg7 deletion, as did deletion of another essential autophagy gene, Atg5.  

These data suggest that the reduction in surface marker expression is not specific to Atg7, 

but requires either complete autophagy flux or multiple components of the autophagy 

machinery. Wortmannin has previously been shown to disrupt antigen presentation by 

blocking the assembly of MHC II:peptide complexes, though the link to autophagy was 

not made in the paper(209).  Induction of autophagy using rapamycin increased LPS and 

IFNγ stimulated MHC II and CD86 expression in wildtype macrophages.  However, 

rapamycin treatment had little effect on MHC II expression in unstimulated macrophages, 

suggesting that simultaneous induction of autophagy with stimulation is required for 

enhanced effect. As many immune stimuli induce autophagy, this may be an adaptive 

mechanism to boost antigen presentation capacity and facilitate the optimal stimulation of 

immune responses by adequate MHC II and co-stimulation receptor expression. mTOR 

inhibition has been shown to hyper-induce CD86 expression(210) and starvation has been 

linked to enhanced IFNγ-stimulated MHC II expression(211) in other cell types. These 

data further support a role for autophagy in surface antigen upregulation. The role of 

rapamycin in surface antigen presentation is controversial, however, with some groups 

reporting a significant decrease in MHC II and CD86 expression on DCs cultured in 

rapamycin(212), as part of its role in immunosuppression. These effects may not be 
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directly linked to autophagy, but rather other regulated pathways downstream of mTOR.  

The apparent contradiction between autophagy as an immune enhancer and mTOR 

inhibition as an immunosuppressant may have an explanation along those lines, as may the 

concentration, duration and co-stimulation protocols used when assessing immune 

responses. 

4.15 Altered expression of surface antigens is not limited to 

stimulation via TLR4  

The defect in surface marker expression could not be overcome via macrophage 

stimulation through other TLRs, nor by alternate activation using IL-4 and IL-3.  

Expression of MHC II, and other investigated surface markers, remained lower after 

stimulation with the TLR2 agonist, HKLM, and the TLR3 agonist Poly I:C, with neither 

stimuli able to replicate wildtype expression levels of MHC II. Levels of the mannose 

receptor appeared unaffected by lack of autophagy on unstimulated macrophages, but 

stimulation with LPS resulted in no increase in expression, and IL-4 and IL-13 stimulation 

again failed to replicate MR expression levels seen in wildtype macrophages.  Stimulation, 

at the same concentration and duration, by IFNγ, TLR2, 3 or 4 stimulation or alternate 

activation, are not sufficient to improve surface marker expression to that seen at wildtype 

levels, suggesting that the defect is not linked to a particular stimulatory pathway, nor 

specifically to M1 activated macrophages. Stimulation with increasing concentrations of 

LPS was also attempted, but did not rescue the presentation defect.  Indeed, the highest 

MHC II expression even in wildtype macrophages did not occur at the highest LPS 

concentration, but at 1 µg/ml, the concentration used in the majority of experiments 

described herein. This is possibly a negative feedback mechanism to prevent macrophages 

against hyper-immune responses. Although saturating amounts of a single stimulus were 
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not sufficient to improve expression on Atg7
-/-

 macrophages, it is possible that dual or 

sequential stimulation, for example priming with LPS and stimulating with IFNγ or 

concurrent stimulation with different TLR agonists, may improve expression if there is a 

relationship between the stimulation route and reduced expression. Classical macrophage 

activation was initially thought to require sequential stimulation with LPS followed by 

exogenous addition of IFNγ(213), however this is now thought to be unnecessary. 

Nevertheless, use of both stimuli may provide a stronger activation signal and improve 

surface marker expression.  If, however, the defect is more related to the reduced 

autophagy, then further stimulation is unlikely to improve expression.  It is also possible 

that duration of stimulation has an effect on the expression outcome.  All experiments 

described herein used overnight with LPS stimulation, but further durations of stimulation 

could be investigated to determine whether increased length of duration eventually results 

in similar expression.  Surface expression is not completely abolished in the absence of 

autophagy, suggesting that its influence on surface expression is likely contributory and 

potentially partially redundant.  As such, increased periods of stimulation may allow other 

pathways of surface expression to compensate for the loss of autophagy.  Similarly, 

investigation following shorter durations of stimulation may reveal larger differences in 

expression, with wildtype cells exploiting all available routes to the surface, and 

autophagy-deficient cells relying merely on residual expression pathways. Upregulation 

could potentially be followed in real time by fluorescence microscopy, using cells or cell 

lines transiently or stably expressing fluorescent surface molecules together with LC3.  
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4.16 Atg7-/- macrophages have higher intracellular levels of 

MHC II 

Assessment of internal MHC II using an Imagestream flow cytometer showed significantly 

higher internal MHC II expression in Atg7
-/-

 macrophages.  Intracellular MHC II dropped 

following LPS and IFNγ stimulation, corresponding with increased surface expression.  

This suggests that autophagy plays a role in the trafficking of MHC II, and possibly other 

surface receptors to the cell surface. The punctate nature of the staining visible in the 

micrographs suggests that MHC II may be trapped in vesicles awaiting autophagy-related 

transport to the cell surface.  There are a number of points in the autophagy pathway that 

interconnect with elements of intracellular transport and endocytic pathways.  For 

example, Vps34, a class III PI3K required in the early stages of autophagy, also plays a 

vital role in some aspects of vesicular trafficking(214), and recent work implicates Atg6 in 

a number of membrane trafficking events(215). 

Multivesicular bodies (MVB) are another candidate for autophagy-regulated surface 

antigen presentation. Newly formed MHC II molecules are targeted to endocytic 

compartments, known as MIIC, where they are loaded with peptide antigen(216). 

Autophagosomes have been shown to co-localise with MIICs(76), which are a form of 

MVB, and play a central role in the trafficking of MHC II molecules.  Although the exact 

mechanism by which MVBs transport MHC II to the plasma membrane is not fully 

elucidated, it is thought that MVBs are reshaped into long tubules, from which vesicles 

pinch off and carry MHC II to the cell surface(176). The pinching off from the main body 

of the MVBs is a process that has been shown to be PI3K dependent, and able to be 

inhibited by Wortmannin(217). In addition to MHC II, the mannose receptor is also 

surface sorted via MVBs(218), suggesting that multiple surface markers may access the 

surface in this manner. The autophagy pathway shares molecular machinery with MVB, 
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and induction of autophagy has been shown to promote fusion of autophagosomes with 

MVB(219, 220), thus providing a link with which autophagy, or autophagy machinery, 

could connect with MHC II, mannose receptor and potentially other surface marker traffic 

to the surface. This could be investigated by concurrent staining of MVBs, MIICs and 

autophagic markers, ideally in real time, to observe whether this process was active in 

wildtype macrophages but absent in Atg7
-/-

 macrophages. Imagestream analysis could also 

be used on fixed cells to assess the level of colocalisation between each marker, and 

whether it was reduced in the absence of autophagy.  

More recently, a novel form of APC specific autophagy has been described, termed 

ENdosome-Mediated Autophagy (ENMA)(221). In this specialised form of autophagy, 

LPS stimulation causes autophagosomes to bud from MIICs, containing both the 

molecular machinery required for antigen processing and the autophagy proteins LC3 and 

Atg16L. The MIIC-associated autophagosomes were induced by starvation and LPS, and 

increased by treatment with autophagic flux inhibitors. However, ENMA autophagosomes 

have some differences compared with classical autophagosomes, particularly an electron-

dense lumen, possibly due to a reduction in lipid content and increased proteins, including 

MHC II.  A similar autophagosomal lumen has been observed in NOD2-stimulated human 

DCs, suggesting that this form of autophagosome is DC or APC specific(106).  

Macrophages were not studied during the research, and thus investigations would need to 

be done to determine whether ENMA-like autophagosomes could be found in 

macrophages as well as DCs.  Whether other surface markers could find a route to the 

surface using a similar mechanism is unclear, and autophagosomal contents would need to 

be analysed to determine whether other membrane receptors were present.  Potentially 

autophagosomes may form directly from endosomes in a similar manner to MIICs using 
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autophagic machinery, thereby connecting this route to the general surface expression 

pathways. 

Finally, the role of the Rab GTPase family may be important in autophagy mediated 

surface antigen presentation. Rab GTPases localise to specific intracellular membranes, 

functioning as vital regulators of distinct steps in membrane traffic pathways. They recruit 

specific sets of effector proteins onto membranes, regulating vesicle formation, vesicle 

movement(198), and membrane fusion, all of which are important steps in surface antigen 

expression. Rab GTPases also play a role in the regulation of autophagy(222), regulating 

interactions between autophagosomes, endosomes and lysosomes and facilitating 

membrane recruitment for autophagosome formation(223). Rab1 plays a role in ER to 

Golgi transport and has been shown to participate in the early stages of autophagy(224), 

whereas Rab5 is involved in the inhibition of mTOR at the initiation of autophagy and 

Rab11 regulates the fusion of MVB with autophagosomes(219). Loss of Rab11 results in 

the prevention of the required tubulation of recycling endosomes by inhibiting 

autophagosome formation(225), thereby inhibiting autophagy. Autophagy-based 

unconventional protein secretion of IL-1β, IL-18 and Acb-1 is also dependent on 

Rab8(226-228).  Finally, Rab7 is a major regulator of autophagosome to lysosome 

fusion(229), an important part of autophagosome maturation(230). Rab proteins are also 

necessary during MHC II presentation, including the maturation of early (Rab4, 

Rab5)(231, 232) and late endosomes (Rab7)(233), and have been implicated in trafficking 

of CD86(234) and MR(224), demonstrating their role in general surface marker trafficking 

pathways. Proteomic analysis of protein extracts from Atg7
-/-

 macrophages revealed a 

distinct down-regulation of Rab proteins in autophagy-deficient cells, which could 

ultimately contribute to reduced expression of surface markers.  Though several Rabs 

could not be detected in Atg7
-/-

 macrophages at all (Rab3, Rab4, Rab7, Rab13 and Rab31), 
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many others were reduced by around half, which could account for the residual expression 

of surface markers on Atg7
-/-

 macrophages. The proteomic analysis of Rab proteins 

remains to be validated in order to confirm which Rab proteins are altered in the absence 

of autophagy. Although there are multiple reports of Rab proteins regulating autophagy, no 

reports of autophagic regulation of Rab protein expression were found. However, 

expression of Rabs is known to be responsive to endosomal and lysosomal content in 

maturing DCs(235), and is upregulated on LPS stimulation. Thus, it is possible that in the 

absence of autophagy, lack of mature autophagosomes may result in downregulation (or a 

failure to up-regulate) of Rab proteins.  It would be interesting to follow the regulation of 

Rab expression in wildtype and Atg7
-/- 

macrophages in the naïve state, after activation and 

the resolution of activation by either gene expression analysis or western blotting at 

different time points. Double knockouts of autophagy genes and specific Rabs could also 

be a useful tool to investigate the role of individual Rabs in autophagy-associated surface 

marker expression. 

4.17 Autophagy-deficient macrophages are highly 

inflammatory 

Cytokine production was initially assessed as a downstream readout of TLR4 stimulation 

as an indirect means of determining whether sufficient signal was getting through despite 

reduced TLR4 surface expression, since reduced TLR4 expression has previously been 

linked to reduced production of inflammatory cytokines(236). However, rather than 

reduced expression of pro-inflammatory cytokines, we saw elevated production of IL-1β, 

TNF-α, IL-6, IL-12, and increased production of the anti-inflammatory cytokine IL-10. 

Additionally, production of the growth factors GM-CSF and G-CSF and the inflammatory 

chemokine MIP-1α, were also significantly elevated, suggesting a general inflammatory 
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phenotype in the absence of autophagy in macrophages, despite reduced surface marker 

expression.   

The first report of autophagy-mediated regulation of cytokine production demonstrated a 

link between Atg16L and endotoxin-induced inflammasome activation in mice(186). 

Atg16L deficient macrophages secrete significantly greater levels of IL-1β and IL-18 than 

wildtype macrophages, due to increased activation of caspase-1 and activation of the 

inflammasome.  The researchers demonstrated a similar increase in production of IL-1β in 

Atg7-deficient macrophages, but found levels of secreted IL-6 to be similar. Further 

interaction between autophagy and inflammasome activation was demonstrated by 

Nakahira et al, who showed that autophagy was important for prevention of mitochondrial 

DNA release and subsequent activation of the inflammasome(7). Deletion of LC3 and 

Beclin-1 resulted in enhanced activation of caspase-1 and consequent secretion of IL-1β 

and IL-18, in addition to an accumulation of damaged mitochondria. LPS stimulation 

resulted in increased levels of cytoplasmic mitochondrial DNA, which increased 

production of IL-1β/IL-18 by initiating greater activation of caspase-1, in an NALP3 

dependent manner. However, inflammasome-independent autophagic modulation of 

inflammatory cytokine production has also been reported(188).  Inhibition of autophagy in 

human PBMCs resulted in increased production of IL-1β, with a concomitant decrease in 

TNF-α production. Conversely, activation of autophagy via starvation reduced IL-1β 

production.  However, no activation of the inflammasome was observed, rather the 

researchers found transcriptional regulation of cytokine production by autophagy, possibly 

involving inhibition of p38 MAPK phosphorylation(188).  These three reports uncover 

apparently different levels of modulation of cytokine production by autophagy, with 

differing outcomes in terms of the cytokines influenced.  We also find increased secretion 

of IL-1β from Atg7
-/-

 macrophages, which is likely due to increased caspase-1 mediated 
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cleavage of pro-IL-1β.  However, in contrast to the above reports, we also find 

significantly increased levels of TNF-α, IL-6, IL-12 and IL-10, suggesting further 

modulation of inflammatory cytokine production by autophagy under our experimental 

conditions.  We also find significantly higher levels of cytokines, including IL-1β, in the 

absence of any exogenous stimuli, suggesting an endogenous stimulant or stimulants may 

be causing increased inflammatory cytokine production, which is then further enhanced by 

LPS stimulation.   

One such candidate is overproduction of mitochondrial ROS (mROS), which has been 

shown to increase pro-inflammatory cytokine production(237).  mROS, driven by 

mitochondrial respiration, are responsible for normal LPS-stimulated inflammatory 

cytokine production, and for enhanced production of inflammatory cytokines in conditions 

associated with elevated mROS, such as TNF-Receptor-Associated Periodic Syndrome 

(TRAPS)(156) in which increased levels of IL-1β, TNF, and IL-6 are common. TNFR1 

mutant cells, like Atg7
-/-

 macrophages (shown in chapter 5), exhibit increased mROS 

generation due to damaged mitochondria. Blockade of mROS efficiently reduced 

inflammatory cytokine production following LPS stimulation(156).  Increased mROS are 

present even in unstimulated Atg7
-/-

 macrophages, suggesting that they are a viable 

candidate for the increased cytokine production. This could be investigated by incubation 

of Atg7
-/-

 macrophages with general or mitochondrial-specific ROS inhibitors, such as N-

acetylcysteine (NAC) or diphenylene iodonium (DPI), respectively, and assessing basal 

and LPS-stimulated cytokine production. The suggested mechanism for ROS-mediated 

inflammatory cytokine signalling is via increased MAPK signalling(156), and thus levels 

of MAPK, JNK, p38, and ERK phosphorylation could also be investigated in Atg7
-/- 

macrophages, in the presence and absence of mROS inhibitors, to assess the relative role 

of these pathways in excessive cytokine production.  
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Another endogenously-produced inflammatory candidate is binding of the antioxidant 

protein, Peroxiredoxin-1 (Prxn1), to TLR4(238). Prxn1 is expressed by macrophages under 

conditions of oxidative stress(239), such as those present in Atg7
-/-

 macrophages due to  

build-up of damaged mitochondria and mROS. Incubation of Prxn1 with macrophages or 

immature DCs resulted in TLR4-dependent secretion of TNF-α and IL-6 in an MyD88 

dependent manner(238). Elevated Prxn1 was identified in Atg7
-/-

 protein extracts by 

proteomics and fluorescence microscopy (chapter 5), likely as an adaptive response to 

increased mROS, making Prxn1 an attractive candidate for increased cytokine production 

in Atg7
-/-

 macrophages.  However, although increased intracellular stores of Prxn1 were 

confirmed in Atg7
-/-

 macrophages, increased secretion was not verified. Prxn1 lacks a 

signal peptide for the ER/Golgi-dependent secretory pathway, suggesting that its secretion 

from cells may be mediated through a non-classical secretory pathway as per proteins such 

as IL-1β, which is known to involve autophagy(226). Supernatant levels of Prxn1 could be 

confirmed by ELISA or western blot, and would demonstrate any secretory problems 

associated with loss of autophagy. It appears contradictory that an antioxidant should cause 

increased levels of pro-inflammatory cytokine production, however due to its common 

secretion by tumours(240) and at times of cellular stress(241), it hypothesised that Prxn1 

acts as a ‘danger signal’(242) – a so-called ‘DAMP’(243), which are released by cells 

dying by non-programmed methods of cell death, and by immune cells. DAMPs activate 

immune cells via the same receptors as PAMPs – TLRs and NOD-like receptors, thus 

resulting in activation of TLR4 and other receptors and inducing the inflammatory 

response.  Common DAMPs include Heat Shock Proteins (HSPs), hyaluronan, high-

mobility group box 1 (HMGB1), β-defensins and extracellular ATP(244). Oxidative stress 

increases release of DAMPs, suggesting that Atg7
-/-

 macrophages and other immune cells 

from the Vav-Atg7 model are expressing increased levels of DAMPs into their local 
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environment and initiating an inflammatory response. This could be investigated by 

looking for evidence of DAMP release in Vav-Atg7 mice and Atg7
-/-

 macrophage 

supernatants by immunohistochemistry or fluorescence microscopy of stained sections and 

ELISA of supernatants.  

These two possibilities, in addition to activation of the inflammasome, are not mutually 

exclusive and together could conceivably result in abnormal production of inflammatory 

cytokines and MIP-1α, which are also stimulated by similar stimuli(245, 246). Likewise, 

macrophage expression of G-CSF and GM-CSF can be mediated via TLR4 and DAMP 

signalling(247-249), suggesting similar pathways may also be activating their expression.  

Chronic inflammatory and growth factor signalling in Vav-Atg7 macrophages could cause 

recruitment of myeloid cells into tissues, and increase hematopoietic cell egress from the 

bone marrow, thereby increasing its rate of exhaustion.  

4.18 Autophagy influences expression of some surface 

marker genes but not MHC II protein expression 

Surface marker expression can be controlled at the gene expression level, and thus reduced 

expression could be influenced by decreased gene transcription. Expression of M-CSFR, 

which regulates macrophage differentiation in response to M-CSF, was found to be normal 

in Atg7
-/-

 macrophages, suggesting that low surface expression of this receptor was not 

related to reduced gene transcription.  Levels of MHC II mRNA were found to be 

significantly reduced in unstimulated Atg7
-/-

 macrophages, but levels recovered to similar 

to wildtype following stimulation with LPS.  Gene expression of TLR4, however, was 

significantly reduced in both unstimulated and LPS stimulated macrophages to around half 

of that of wildtype. This suggests a differential response to loss of autophagy between 

genes, but also shows that surface marker expression is still reduced even in the presence 
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of normal mRNA expression. It also implies that autophagy is not directly regulating 

surface marker gene expression, or at least that any transcriptional regulation by autophagy 

is limited to particular surface receptors or receptor families.  Regulation of gene 

expression by autophagy has not been previously reported, but it is possible that 

downregulation of TLR4 and MHC II mRNA is a secondary effect to loss of autophagy or 

due to the inflammatory phenotype observed in Atg7
-/-

 macrophages, in an effort to 

dampen further inflammation.  In order to determine whether reduced TLR4 mRNA was 

influencing TLR4 protein production, and thereby reducing downstream TLR4 signalling, 

total levels of TLR4 could be assessed by western blot or intracellular staining combined 

with surface staining.  Furthermore, despite the reduction in MHC II mRNA expression in 

unstimulated Atg7
-/-

 macrophages, total MHC II protein expression was comparable 

between wildtype and Atg7
-/-

 macrophages, both prior to and following stimulation. This 

suggests that translation and expression of MHC II protein are unaltered in the absence of 

autophagy, and shows that the reduction in surface expression is not due to an overall 

decrease in MHC II within the cell.  

4.19 Conclusions 

Loss of autophagy in macrophages results in decreased expression of important surface 

receptors such MHC as I and II, and the co-stimulatory molecule CD86, hampering their 

ability to mature appropriately in response to stimulation and unveiling a novel role for 

autophagy in surface receptor trafficking.  Although there were some minor variations in 

surface marker mRNA expression, equivalent amounts of total MHC II protein were 

present within macrophages, which suggested a defect in trafficking of MHC II and other 

surface markers, to the cell surface.  Both MVB and Rab proteins are known to be 

involved in autophagy and surface marker recycling, making them ideal candidates for 
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facilitating autophagy-mediated surface marker expression. However, in spite of reduced 

maturation based on surface marker expression, Atg7
-/-

 macrophages were found to be 

highly inflammatory, producing increased levels of cytokines, MIP-1α and the growth 

factors G-CSF and GM-CSF. In addition to the established role for autophagy in the 

activation of the inflammasome, we hypothesise that stimulation through mROS and 

endogenous danger signals results in further excessive inflammatory cytokine and growth 

factor production.  Increased expression of inflammatory cytokines and growth factors by 

macrophages in the tissues and organs of Vav-Atg7 mice may then result in the 

recruitment and stimulation of further myeloid cells, and their mobilisation from the bone 

marrow, thereby contributing to the myeloid infiltration of the tissues and bone marrow 

exhaustion seen in this model.
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5.1 Energy metabolism 

Metabolism of energy sources is a key component of immune cell function beyond energy 

generation for cellular reactions and repair. Ability to alter metabolic state is essential for 

many immune cells, which can encounter quickly changing energy requirements and a 

variety of tissue environments, some of which are low in oxygen.  Although there are 

many metabolic pathways that allow for the use of a variety of substrates as energy 

sources, this introduction focuses on metabolism of the major energy source in most cells, 

glucose. Glucose can be metabolised in two ways: In the presence of oxygen, glucose can 

be metabolised through the Citric Acid Cycle (TCA) and oxidative phosphorylation 

(OxPhos).  In addition to OxPhos, cells can metabolise energy through glycolysis, which 

can occur independently of oxygen levels. 

5.2 Glycolysis 

Glycolysis occurs within the cytoplasm, generating two molecules of ATP and two of 

lactate via a series of metabolic reactions in which one molecule of glucose is catabolized 

to two molecules of pyruvate with a net gain of two ATP. In the absence of oxygen, NAD
+
 

is regenerated from NADH by reduction of pyruvate to produce lactic acid, catalysed by 

lactate dehydrogenase (LDH).  The following equation shows the overall glycolytic 

reaction:  

Glucose + 2 NAD
+
 + 2 ADP + 2Pi → 2 pyruvate + 2 NADH + 2 H

+
 + 2 ATP + 2 H2O → 

 2 lactate + 2 NAD
+
 

During the initial phase, two molecules of ATP fuel conversion of glucose to fructose-1,6-

bisphosphate by sequential reactions that are catalysed by hexokinase, phosphoglucose 

isomerase, and phosphofructokinase. During the second phase, fructose-1,6-bisphosphate 

is further converted stepwise into pyruvate, catalysed by glyceraldehyde-3-phosphate 
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dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, enolase and pyruvate 

kinase, producing four molecules of ATP and two molecules of NADH and consuming 

two ADP and two NAD
+
.   NAD

+
 can then be regenerated via reduction of pyruvate to 

lactate by LDH(250), which is vital for continued glycolysis, as NAD
+
 is an important 

cofactor in the conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate. The 

complete set of ten glycolytic reactions can be seen in the flow chart below (figure 5.1). 

While most somatic cells primarily use OxPhos, there are a number of cells that 

preferentially utilise glycolysis even during normoxia, such as macrophages and 

neutrophils(251). Increased glycolytic flux requires upregulation of key glycolytic 

enzymes, and shifts from constitutive enzymes to activated enzymes(252). In the case of 

immune effector cells such as macrophages, elevated glycolysis allows rapid activation of 

microbicidal activity and phagocytosis(253), and survival amidst the hypoxic conditions 

frequently encountered at sites of inflammation. Macrophage polarisation also influences 

their metabolic state, with the longer acting M2 and wound healing macrophages favouring 

OxPhos to provide the sustained energy required for tissue modelling and repair(254). This 

illustrates the flexibility of many cells to alter their metabolism to suit their energy and 

biosynthetic requirements, and according to oxygen availability.  

Tumours are also well known for up-regulating glycolysis, known as the Warburg 

effect(255). This is partly to provide the energy to sustain rapid proliferation, but ATP 

generated by glycolysis makes up a relatively small proportion of total ATP 

production(256), suggesting that tumours use glycolysis for reasons other than rapid ATP 

production. In many tumours, mitochondria are intact and functional. However, in addition 

to generation of ATP, glycolysis is valuable for production of glycolytic intermediates, 

from which essential cellular building blocks such as nucleotides and amino acids can be 

derived(257). 
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Figure 5.1: The ten reactions of glycolysis.  Glucose is sequentially catabolised by specific enzymes into 

pyruvate and then into lactate, yielding 2 ATP molecules.  NAD
+
 is replaced by reaction of pyruvate with 

Lactate dehydrogenase to produce lactate. Adapted from ref (250). 
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Thus glycolysis acts as more than a mere energy generation mechanism in many cells. 

Glycolysis is regulated on several levels: glucose availability, rate limiting glycolytic 

enzymes and oxygen availability.  Hypoxia-inducible factor (HIF) is a central 

transcriptional regulator of cell metabolism and adaptation to cellular stress during 

hypoxia(258). During hypoxia, HIF-1α accumulates and translocates to the nucleus, where 

it binds HIF-1β. The HIF complex then binds to core nucleotide sequences called hypoxic 

response elements (HREs) on target genes, which include many glycolytic enzymes and 

glucose transporters that control glucose uptake. Activation of these genes decreases 

mitochondrial oxygen consumption and shifts metabolism to glycolysis.  Their actions also 

balance the low pH caused by increased lactic acid, optimising cell energetics and 

homeostasis in oxygen poor environments(259). HIF-1α can also be stabilised during 

normoxia in some conditions, allowing so-called aerobic glycolysis. In macrophages and 

some cancers, HIF-1α activation during normal oxygen levels is enabled by suppression of 

Factor Inhibiting HIF-1 (FIH-1) by membrane type-1 matrix metalloproteinase, a 

membrane protease that regulates various cellular functions(260, 261). 

5.3 Oxidative phosphorylation 

Under normal oxygen conditions in cells that utilise OxPhos, pyruvate generated through 

glycolysis is further oxidised to generate more ATP.  Pyruvate passes into the 

mitochondria, where it is converted to Acetyl-CoA.  Acetyl CoA then enters the TCA, 

where the eight-step citric acid cycle generates three NADH molecules and two other 

carrier molecules: FADH2 and GTP (figure 5.2).  
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Figure 5.2: Generation of NADH, FADH2 and GTP from Acetyl CoA in the citric acid cycle. NADH 

generated is shuttled to complex I and is converted to NAD
+
, driving oxidative phosphorylation. Adapted 

from ref (262). 

In the third stage, electrons from FADH2 and NADH are transferred to the electron 

transport chain for oxidative phosphorylation, thereby generating 3 ATP molecules for 

each electron that enters OxPhos. The electron transport chain is made up of 4 multi-

subunit complexes (I, III, IV & V) embedded in the inner mitochondrial membrane. The 

electrons from NADH and FADH2 power the pumping of protons across the matrix to the 

inter-membrane space, creating a potential difference that can be used for synthesis of 

ATP in the last step of oxidative phosphorylation(262).  

OxPhos not only produces the vast majority of cellular energy in most cells, but is also 

involved in oxygen radical production and apoptosis. OxPhos is controlled by three main 

mechanisms. Firstly, by availability of the ATP substrates, ADP and phosphate, increasing 

when ATP use re-generates ADP and phosphate. Secondly, allosteric control of OxPhos, 

NAD+ 
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which is mediated by small molecules that bind to enzymes involved, changing their 

kinetic properties, and finally cellular signalling, for example through the insulin 

receptor(263). Through these means, cells can up- or downregulate ATP production as 

cellular circumstances dictate. 

5.4 Loss of autophagy skews macrophage metabolism to 

glycolysis 

This chapter demonstrates a novel role for autophagy in the regulation of glycolytic 

capacity and oxygen consumption in macrophages.  Macrophages isolated from Vav-Atg7 

mice exhibit significantly increased glucose uptake and levels of glycolysis, suggesting 

that glycolysis can be used to generate the energy and metabolic intermediates that are 

lacking due to lost autophagy, as well as potentially allowing the macrophages to maintain 

mitochondrial potential and thereby avoid premature apoptosis.  Despite increased 

glycolysis, which does not require oxygen consumption, Atg7
-/-

 macrophages exhibit 

significantly increased rates of oxygen consumption.  The origin and implications of this 

paradox are considered in the context of macrophage survival and ability to transition 

between metabolic states. 
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5.5 Increased acidification of Atg7-/- macrophage culture 

medium 

During the 7 day macrophage cultures, Atg7
-/-

 macrophages were observed to acidify their 

culture media much faster than wildtype macrophages, particularly in the first 3 days of 

culture, resulting in a colour change from red (fresh R10 medium) to light orange or 

yellow by day 3 (or day 7, following media top up) of culture (figure 5.3). Acidification 

causes a colour change in the phenol red indicator present in RPMI, due to products from 

cellular metabolism decreasing media pH. 

 

Figure 5.3: Atg7
-/-

 macrophages cause yellowing of the culture medium.  Macrophages were cultured from 

bone marrow in the presence of M-CSF (20 ng/ml) for 7 days at 37° C, 5% CO2. Images taken from 2 

separate experiments, on culture day 3 (left) and 7 (right), WT = wildtype, KO = Atg7
-/-

 macrophages. 

The colour change was assessed quantitatively by analysing the absorbance at 450 nm of a 

small sample of medium from each culture on days 3 and 7, and after overnight 

stimulation with LPS and comparing it to fresh R10 culture medium.   All samples showed 

increased absorbance on days 3 and 7, and after LPS stimulation, relative to fresh R10 

medium (figure 5.4, dotted black line). However, media samples from Atg7
-/-

 macrophage 

cultures had significantly higher absorbance than those from wildtype samples at both time 

points, and following LPS stimulation. These data show that Atg7
-/-

 macrophages acidify 

their media at a faster rate than wildtype macrophages. 
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Figure 5.4: Culture medium from Atg7
-/-

 macrophage cultures shows higher absorbance at 450 nm.  Bone 

marrow macrophages were stimulated overnight with LPS (1µg/ml).  25 µL samples of media were taken 

from each well on day 3, 7 and following LPS stimulation and absorbance at 450 nm was compared with 

absorbance from fresh R10 medium (dotted black line). Graph shows mean absorbance, error bars represent 

SEM, n = 4.  *p<0.05. **p<0.01, un-paired t-test. 

5.6 Atg7-/- macrophages rapidly utilise glucose 

Glucose is the primary metabolic substrate in macrophages(264), and therefore changes in 

glucose uptake can indicate alterations in the metabolic rate and/or pathway. Glucose 

uptake by macrophages was assessed by assaying the concentration of glucose remaining 

in the medium following the culture period, and comparing this with the glucose 

concentration in fresh medium.  Fresh R10 (made from RPMI 1640) contains 2000 µg/L of 

glucose.  Glucose was analysed by enzymatic conversion to gluconic acid and hydrogen 

peroxide, and reaction with o-dianisidine in the presence of peroxidase to produce a 

change in absorbance at 540 nm. Remaining glucose concentration in media from 

unstimulated Atg7
-/-

 macrophages was significantly lower than in media from wildtype 

cultures (figure 5.5).  A further significant decrease was observed in both cultures 

following LPS stimulation, with the largest decrease again in Atg7
-/-

 culture medium.  

Autophagy-deficient macrophages utilise more glucose than wildtype macrophages over 
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the same culture period, particularly following LPS stimulation, suggesting that loss of 

Atg7 influences macrophage energy production. 

 

Figure 5.5: Increased glucose uptake by Atg7
-/-

 macrophages during culture and following LPS stimulation. 

Macrophages were cultured from bone marrow and stimulated overnight with LPS (1 µg/ml), and media 

samples taken from stimulated and unstimulated cultures. Samples were diluted 1/25 to bring them into the 

sensitivity range of the testing kit. Concentration was determined using a standard curve.  Graph shows 

average glucose concentration remaining in media following culture, error bars represent SEM, n = 4. 

*p<0.05, **p<0.01, ***p<0.001, un-paired t-test. 

Glucose is transported across the macrophage plasma membrane by the glucose transporter 

1 (Glut-1)(265).  Increased expression of Glut-1 and other glucose transporters is required 

for increased glucose uptake and metabolism(264), and as such, Glut-1 expression on 

macrophages was assessed using flow cytometry.  Wildtype and Atg7
-/- 

macrophages both 

showed high levels of Glut-1 expression, reflecting the high energetic demands of 

macrophages(266) (figure 5.6). However, Atg7
-/-

 macrophages showed significantly higher 

expression of Glut-1 compared with wildtype macrophages, thereby enabling their 

enhanced glucose uptake in culture. 
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Figure 5.6: Increased expression of the glucose transporter Glut-1 on Atg7
-/-

 macrophages.  Bone marrow 

macrophages were cultured for 7 days as described above and stained for the surface markers F4/80, 

CD11b and Glut-1.  The histogram above shows overlaid histograms of Glut-1 expression on F4/80
+ 

CD11b
+
 macrophages, n = 3.  *p<0.05, un-paired t-test. 

5.7 Atg7-/- macrophages are more glycolytic than wildtype 

macrophages 

The contribution of glycolysis to bioenergetic maintenance in macrophages was assessed 

using the Seahorse Bioscience XF24 analyser, which uses two sensors to simultaneously 

measure extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), 

reporting on glycolytic and mitochondrial respiration respectively. Measurements of both 

parameters are taken at regular time intervals, during which it is possible to sequentially 

add drugs that enhance or inhibit specific points or targets in either pathway.  Oligomycin 

is an ATP synthase inhibitor that blocks OxPhos, resulting in increased energy generation 

by glycolysis(267). Trifluorocarbonylcyanide Phenylhydrazone (FCCP) uncouples the 

electron transport chain from the OxPhos system, resulting in a large release of electrons 

as well as an increase in glycolytic rate.  Finally, rotenone acts as a mitochondrial NADPH 

dehydrogenase/complex I inhibitor, specifically inhibiting mitochondrial respiration and 

forcing cells to increase glycolysis.  Seahorse analysis showed that Atg7
-/-

 peritoneal 

* 
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macrophages have an average ECAR of 65 mpH/min, more than twice that of wildtype 

macrophages (figure 5.7).  Furthermore, addition of oligomycin and FCCP resulted in a 

further increase of Atg7
-/-

 macrophage ECAR, to 70 and 79 mpH/min respectively, 

compared to 30 and 35 mpH/min in wildtype macrophages.  Rotenone resulted in no 

further increases in ECAR in either Atg7
-/-

 or wildtype macrophages, possibly because 

they were already at their maximum rate. 

 

Figure 5.7: Atg7
-/-

 macrophages have higher glycolytic flux as assessed by ECAR.  Peritoneal macrophages 

were harvested from 4 wildtype and 4 Vav-Atg7 mice, seeded into a Seahorse 24 well plate at 2 × 10
5
 cells 

per well and cultured overnight in R10 at 37° C, 5% CO2.  Prior to analysis, macrophages were washed in 

unbuffered DMEM and allowed to equilibrate at 37° C, no CO2, prior to analysis.  Oligomycin (400 nM), 

FCCP (400 nM) and rotenone (1 µM) were added at the indicated time points, DMEM was added at the 

fourth indicated time point. Each time point is calculated from 10 replicates of pooled wildtype or Atg7
-/-

 

macrophages, error bars represent standard deviation. With acknowledgements to Professors Marion 

McFarlane and Kelvin Cain for their help and expertise. 

5.8 Atg7-/- macrophages have increased respiratory reserves 

but no ATP-related oxygen consumption 

Cells which predominantly produce their energy by glycolysis typically have reduced 

reliance on OxPhos and few mitochondria(253). Macrophages, however, are known for 

their plasticity and are able to switch between oxidative phosphorylation and glycolysis 
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depending on their activation state, with M1 macrophages favouring glycolysis, and M2 

macrophages generating their energy predominantly by OxPhos(254). Oxygen 

consumption can be analysed using the Seahorse Bioscience XF24 analyser, simultaneous 

to measurements for ECAR.  Atg7
-/-

 macrophages were found to have a higher basal OCR 

than wildtype macrophages, of 180 pMoles/min compared to 110 pMoles/min by wildtype 

macrophages (figure 5.8).  However, oxygen consumption by Atg7
-/-

 macrophages appears 

to be independent of ATP generation, as treatment with oligomycin, had no influence on 

the OCR.  In wildtype macrophages, however, oligomycin resulted in a drop in the OCR to 

50 pMoles/min, suggesting that 50% of basal oxygen consumption in wildtype 

macrophages is related to ATP generation. Treatment with FCCP uncouples the proton 

transport chain from ATP synthesis, allowing assessment of maximal potential oxygen 

consumption in the absence of mitochondrial ATP generation and indicating the maximum 

respiratory capacity (MRC) of the cells(268).  FCCP showed that Atg7
-/-

 macrophages had 

a significantly higher MRC than wildtype macrophages, even considering that wildtype 

macrophages increased from a lower level following oligomycin treatment. Furthermore, 

Atg7
-/-

 macrophages sustained their high consumption throughout the FCCP treatment 

period, whereas wildtype macrophages peaked quickly after treatment and then dropped 

over time. Spare respiratory capacity can be determined by subtracting the basal OCR 

from the FCCP induced OCR, giving a wildtype spare respiratory capacity on the order of 

150 pMoles/min, half that of Atg7
-/-

 macrophages, which have 300 pMoles/min spare 

respiratory capacity(269). Finally, rotenone, a mitochondrial NADPH dehydrogenase 

inhibitor, was added to assess non-mitochondrial respiration. Treatment of Atg7
-/-

 

macrophages with rotenone caused an OCR reduction to basal levels, implying that basal 

oxygen consumption in autophagy-deficient macrophages is ATP independent.  In 

wildtype macrophages, OCR dropped down to the same level as following oligomycin 
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treatment, indicating that wildtype macrophages are utilising their mitochondria to make a 

proportion of their basal ATP and energy requirements.  

 

Figure 5.8: Atg7
-/-

 macrophages have an altered oxygen consumption profile.  Peritoneal macrophages were 

harvested from 4 wildtype and 4 Vav-Atg7 mice, seeded into a Seahorse 24 well plate at 2 × 10
5
 cells per 

well and cultured overnight in R10 at 37° C, 5% CO2.  Prior to analysis, macrophages were washed in 

unbuffered DMEM and allowed to equilibrate at 37° C, no CO2, prior to analysis.  Oligomycin (400 nM), 

FCCP (400 nM) and rotenone (1 µM) were added at the indicated time points, DMEM was added at the 

fourth indicated time point. Each time point is calculated from 10 replicates of pooled wildtype or Atg7
-/-

 

macrophages, error bars represent standard deviation. With acknowledgements to Professors Marion 

McFarlane and Kelvin Cain for their help and expertise. 

5.9 Atg7-/- macrophages have altered expression of many 

metabolic proteins 

Bioenergetic analysis of Atg7
-/-

 macrophages using Seahorse revealed significant 

differences in macrophage metabolism in the absence of autophagy. However, Seahorse 

only looks at the output of 2 metabolic pathways, not intermediates or other components 

such as lipid metabolism or the pentose phosphate pathway (PPP).  Proteomic analysis 

provides a snapshot of protein expression within cells at the time of analysis, enabling a 

general overview of pathways and proteins up- or down-regulated following treatment or 

when comparing two cell phenotypes. Cell extracts from sorted Atg7
-/-

 and wildtype bone 
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marrow derived macrophages were analysed by un-labelled tandem mass spectrometry. As 

expected, Atg7
-/- 

macrophages showed increased levels of many proteins associated with 

glycolysis, including triosephosphate isomerase, transketolase and phosphoglycerate 

mutase (Figure 5.9). Furthermore, they showed decreased expression of lactate 

dehydrogenase, an enzyme that catalyses the conversion between pyruvate and lactate.  

Wildtype macrophages, on the other hand, showed increased expression of proteins 

involved with the PPP, including transaldolase and phosphoglucomutase that could only be 

detected in wildtype samples.  

Protein ID Protein Name Score WT:KO ratio p value 

Glycolysis Proteins    

P17751 Triosephosphate isomerase 971.09 0.8 0 

Q3TRM8 Hexokinase-3 709.61 KO only KO only 

P40142 Transketolase 681.69 0.81 0.01 

Q9DBJ1 Phosphoglycerate mutase 1 430.13 0.58 0 

P06151 
L-lactate dehydrogenase A 

chain 
627.97 1.8 1 

Pentose Phosphate Pathway    

Q93092 Transaldolase 218.96 WT only WT only 

Q00612 
Glucose-6-phosphate 1-

dehydrogenase X 
435.05 1.9 1 

Q9D0F9 Phosphoglucomutase-1 467.46 WT only WT only 

Q9DCD0 
6-phosphogluconate 

dehydrogenase 
499.22 1.8 1 

Figure 5.9: Atg7
-/-

 macrophages show increased expression of glycolytic enzymes, but reduced expression of 

proteins associated with the pentose phosphate pathway.  Bone marrow derived macrophages were cultured 

for 7 days and stimulated overnight with LPS (1 µg/ml).  Protein extracts were produced from pooled 

wildtype and Atg7
-/-

 macrophages, adjusted to the same protein concentration and analysed by tandem mass 

spectrometry.  Protein score is a measure of protein abundance.  Significance is denoted as p<0.05 for 

proteins with increased expression in Atg7
-/-

 macrophages, and p>0.95 for proteins with increased 

expression in wildtype macrophages. Grateful acknowledgements to Dr Benedikt Kessler for performing the 

proteomic experiments and assisting with their analysis. 
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5.10 Atg7-/- macrophages show upregulated expression of 

antioxidant pathways 

In addition to changes in the glycolytic and pentose phosphate pathways, a number of 

proteins associated with the anti-oxidant response were increased in Atg7
-/-

 macrophages 

(figure 5.10), including Peroxiredoxin 1, 2 and 5, thioredoxin and heme oxygenase 1. 

Peroxiredoxins help to protect cells against excessive levels of ROS, thereby protecting 

DNA integrity and preventing damage to organelles(270). Furthermore, wildtype 

macrophages showed expression of Obg-like ATPase 1, an inhibitor of the antioxidant 

response(271), which was not detectable in Atg7
-/-

 macrophages.  

Protein ID Protein Name Score WT:KO ratio 

Antioxidant Proteins    

P35700 Peroxiredoxin 1 865.1 0.9 0 

Q61171 Peroxiredoxin 2 154.38 KO only KO only 

P99029 Peroxiredoxin 5 556.5 0.6 0 

P14901 Heme Oxygenase 1 596.9 0.8 0.02 

P10639 Thioredoxin 152.54 KO only KO only 

Q9CZ30 Obg-like ATPase 1 341.59 WT only WT only 

Figure 5.10: Atg7
-/-

 macrophages show increased expression of antioxidant enzymes.  Protein extracts were 

produced from pooled wildtype and Atg7
-/-

 macrophages, adjusted to the same protein concentration and 

analysed by tandem mass spectrometry.  Protein score is a measure of protein abundance.  Significance is 

denoted as p<0.05 for proteins with increased expression in Atg7
-/-

 macrophages, and p>0.95 for proteins 

with increased expression in wildtype macrophages. Grateful acknowledgements to Dr Benedikt Kessler for 

performing the proteomic experiments and assisting with their analysis. 

Peroxiredoxins and many other cellular antioxidants are expressed under the control of 

nuclear factor erythroid 2-related factor 2 (Nrf2), which regulates cellular resistance to 

ROS and other oxidants(272, 273). As such, relative expression of Nrf2 regulated 

antioxidants peroxiredoxin 1 (Prxn1), peroxiredoxin 2 (Prxn2), Peroxiredoxin 5 (Prxn5) 
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and glutaredoxin (Glrx), and Nrf2 was assessed in BMMɸ by qPCR.  Prxn1 and Glrx were 

significantly increased in LPS stimulated Atg7
-/-

 macrophages, but not in unstimulated 

macrophages (figure 5.11), whereas Prxn5 was significantly increased in both 

unstimulated and LPS stimulated Atg7
-/-

 macrophages, but showed no further increase 

following LPS stimulation.  Prxn2 mRNA was expressed at similar levels in wildtype and 

Atg7
-/-

 macrophages. Nrf2 mRNA expression was also significantly increased in Atg7
-/-

 

macrophages, in both LPS and unstimulated macrophages.  

Hypoxia inducible factors (HIF) are transcription factors that respond to decreased oxygen 

and coordinate adaptive responses to hypoxic environments. HIF-1α suppresses 

mitochondrial respiration and enables a switch to glycolysis by transactivating pyruvate 

dehydrogenase kinase 1, which suppresses the citric acid cycle and promotes glycolytic 

production of ATP(258). Expression of HIF-1α mRNA expression in BMMɸ was also 

assessed by qPCR. HIF-1α mRNA was increased 1.7 fold in unstimulated macrophages, 

and by 2 fold following stimulation with LPS. 

 

Figure 5.11: Increased expression of antioxidant and glycolytic genes in Atg7
-/- 

macrophages.  RNA was 

extracted from BMMɸ stimulated overnight with LPS (1 µg/ml). Values were determined using the ΔΔCT 

method, normalised to GAPDH and compared to wildtype macrophages cultured under the same conditions.  

Wildtype gene expression is represented by the dotted line on the graph at a relative expression of 1. Error 

bars represent standard deviation of 3 replicates, *p<0.05, **p<0.01, all other values ns. 
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Increased expression of Prxn1in LPS stimulated Atg7
-/-

 macrophages was also detectable 

by confocal microscopy (figure 5.12), and showed a different staining pattern to that of 

wildtype macrophages.  Wildtype macrophage Prxn1 expression was limited to punctate 

cytoplasmic staining whereas staining in Atg7
-/-

 macrophages was brighter, but more 

diffuse, possibly representing released Prxn1. 

 

Figure 5.12: Increased Prxn1 expression in Atg7
-/-

 macrophages. BMMɸ were cultured on glass coverslips 

for 7 days and stimulated overnight with LPS (1 µg/ml).  Cells were fixed with 4% paraformaldehyde and 

permeabilised with 0.1% triton-X100 in PBS prior to staining with anti-mouse Prxn1. Nuclei were 

counterstained with DAPI.  Slides were visualised by confocal microscopy, 60x lens. Representative images 

from 8 samples. 

5.11 Atg7-/- macrophages have a high mitochondrial burden 

and increased reactive oxygen species 

Under normal conditions, macrophages have few mitochondria(149) compared with 

lymphocytes and other cells that rely on OxPhos for metabolism, although numbers of 

mitochondria increase upon M2 type stimulation(269). However, the unusual oxygen 

consumption profile of Atg7
-/-

 macrophages suggests a role for increased mitochondria.  

Furthermore, autophagy is known to play a role in mitochondrial maintenance and removal 

in other immune cells(46, 54). Mitochondrial content was assessed using MitoTracker 
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Green, which localises to mitochondria regardless of their membrane potential.  Atg7
-/-

 

macrophages had significantly higher levels of mitochondrial staining than wildtype 

macrophages (figure 5.13), with approximately 40% higher mitochondrial content. No 

changes in either wildtype or Atg7
-/-

 mitochondrial content were observed following LPS 

or IFNγ stimulation. This suggests that increased mitochondrial content may contribute to 

the increased respiratory reserve available in Atg7
-/-

 macrophages. 

 

Figure 5.13:  Mitochondrial Staining using MitoTracker Green staining in bone marrow derived 

macrophages.  BMMɸ were cultured and stimulated overnight with LPS or IFNγ, followed by staining with 

MitoTracker Green (200 nM) for analysis by flow cytometry.  Average MitoTracker green MFI for F4/80
+
 

CD11b
+
 macrophages shown, error bars represent SEM. *p<0.05, un-paired t-test. 

Mitochondria are significant generators of mitochondrial ROS (mROS), produced as a by-

product from OxPhos.  Autophagy is known to play a role in limiting ROS accumulation 

within cells, thereby maintaining cellular integrity(274), and thus generation of mROS was 

assessed in Atg7
-/-

 BMMɸ using MitoSOX, a fluorogenic dye that specifically targets 

mitochondria, where it is oxidised by mitochondrial superoxide producing fluorescence. 

Levels of mROS were significantly higher in Atg7
-/-

 macrophages than in wildtype 
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macrophages (figure 5.14).  No significant increase in mitochondrial ROS was observed 

following LPS stimulation in either wildtype or Atg7
-/- 

macrophages.  

 

Figure 5.14: Atg7
-/-

 macrophages have increased levels of mitochondrial ROS.  BMMɸ were stimulated 

overnight with LPS (1 µg/ml), washed, stained with surface markers as previously, followed by MitoSOX (5 

µM) for 20 min at 37° C and analysed immediately by flow cytometry.  Graph shows average MFI of 

MitoSOX staining, error bars represent SEM, n = 5. ***p<0.001, un-paired t-test. 

5.12 Perturbation of energy generation pathways influences 

the inflammatory response and cell death 

Given the influence of metabolic pathways on inflammatory responses, cytokine 

production was assessed in BMMɸ that were stimulated with LPS in the presence of 

chemical metabolic inhibitors.  Oxamate, an LDH inhibitor, was used to block the 

glycolytic pathway(275), and dehydroepiandrosterone (DHEA) treatment was used to 

block the PPP(276). Galactose was also used as a substitute for glucose, enabling the 

energy contribution of glycolysis to be assessed since breakdown of galactose yields no net 

production of ATP.  As expected, LPS stimulation resulted in a significant up-regulation 

of IL-6, IL-10 and TNF-α (figures 5.15 – 5.17). Chemical modulation of metabolic 

unstimulated LPS
0

10

20

30

40

50

60

M
F

I 
M

it
o
s
o
x

Wild type macrophages

Atg 7-/- macrophages

*** ***



Chapter 5 – Loss of autophagy skews macrophage metabolism to glycolysis 

Page | 152  

 

pathways resulted in visible decreases in cytokine production in both Atg7
-/-

 and wildtype 

macrophages, though to different extents depending on the specific pathway inhibited.  

Galactose metabolism resulted in only a small decrease in IL-6 and IL-10 production, but 

had little or no effect on TNF-α secretion at all. Inhibition of glycolysis resulted in a 

reduction in IL-6, IL-10 and TNF-α in all macrophages, with a smaller reduction in 

secretion of IL-10 and TNF-α, but not IL-6, in Atg7
-/-

 macrophages than wildtype 

macrophages. However, Atg7
-/-

 macrophages appear more sensitive to PPP blockade by 

DHEA, with treatment almost abolishing LPS mediated IL-6 and IL-10 production, and 

significantly reducing TNF-α production.  Decreased cytokine expression following PPP 

blockade was also present in wildtype macrophages, but not so much as Atg7
-/-

 

macrophages. 

 

Figure 5.15: Reduced IL-6 production by macrophages following chemical inhibition of metabolic 

pathways.  BMMɸ were stimulated overnight with LPS in the presence of DHEA (200 µM), oxamate (40 

mM) or galactose (2 mg/ml). Brefeldin A (1×) was added for 3 hr prior to staining to block protein secretion. 

Macrophages were stained for surface markers F4/80 and CD11b and then fixed and permeabilised for 

intracellular IL-6 staining.  Representative histograms of wildtype (left) and Atg7
-/-

 (right) macrophage IL-6 

production following metabolic block. 
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Figure 5.16: Reduced IL-10 production by macrophages following chemical inhibition of metabolic 

pathways.  BMMɸ were stimulated overnight with LPS in the presence of DHEA (200 µM), oxamate (40 

mM) or galactose (2 mg/ml). Brefeldin A (1×) was added for 3 hr prior to staining to block protein secretion. 

Macrophages were stained for surface markers F4/80 and CD11b and then fixed and permeabilised for 

intracellular IL-10 staining.  Representative histograms of wildtype (left) and Atg7
-/-

 (right) macrophage IL-

10 production following chemical metabolic block. 

 

Figure 5.17: Reduced TNF-α production by macrophages following chemical inhibition of metabolic 

pathways.  BMMɸ were stimulated overnight with LPS in the presence of DHEA (200 µM), oxamate (40 

mM) or galactose (2 mg/ml). Brefeldin A (1×) was added for 3 hr prior to staining to block protein secretion. 

Macrophages were stained for surface markers F4/80 and CD11b and then fixed and permeabilised for 

intracellular TNF-α staining.  Representative histograms of wildtype (left) and Atg7
-/-

 (right) macrophage 

TNF-α production following metabolic block. 
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As discussed in chapter 3, Atg7
-/-

 macrophages are more susceptible to cell death than 

wildtype macrophages, but not to the same extent as lymphocytes or RBCs. As such, the 

effect of inhibiting various metabolic pathways on cell death was investigated using the 

pathway inhibitors described above, in addition to media which contained no glutamine, 

another macrophage metabolic substrate(277). Cell death was variable in all cultures, 

resulting in no significant difference between average live cells in unstimulated Atg7
-/-

 and 

wildtype cultures (figure 5.18). LPS stimulation and DHEA treatment resulted in a similar 

decrease in viability in both cultures, with significantly fewer viable cells in Atg7
-/-

 

macrophage cultures.  Oxamate or glutamine treatment appeared to cause a slightly higher 

increase in cell death in Atg7
-/-

 macrophages than in wildtype macrophages, though 

viability was variable in both cultures.  Galactose substitution for glucose resulted in an 

equally large drop in viability in both cultures.  However, this does not appear to be 

beyond the increased cell death visible in unstimulated cultures. 

 

Figure 5.18:  Blockage of metabolic pathways increases cell death in Atg7
-/-

 and wildtype macrophages.  

BMMɸ were cultured for 7 days and stimulated with LPS ( 1µg/ml) overnight in the presence of metabolic 

inhibitors, DHEA (200 µM), Oxamate (40 mM), Galactose (2 mg/ml) or in glutamine free R10.  Cell death 

was assessed using a commercial fixable live dead stain.  Graph shows percentages of live F4/80
+
 CD11b

+
 

cells, error bars represent SEM, n = 4.  *p<0.05, **p<0.01, ns is non-significant (un-paired t-test). 
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5.13 Atg7-/- macrophages are more glycolytic than wildtype 

macrophages 

A number of experimental observations and bioenergenic profiling of Atg7
-/-

 macrophages 

demonstrated that loss of autophagy in macrophages results in upregulation of glycolysis 

above wildtype levels. Glucose is the main metabolic substrate of macrophages, and 

uptake is increased following activation or stimulation with LPS, TNF-α and certain types 

of cellular injury(264). Activated M1 macrophages favour glycolysis as their primary 

mechanism for generating ATP(278), enabling them to adapt readily to hypoxic sites of 

inflammation(279), and as such generally high glycolysis is to be expected. However, the 

significantly increased levels of glycolysis in Atg7
-/-

 macrophages suggest that, in the 

absence of autophagy, macrophages need increased levels of ATP or other glycolytic 

intermediates. Although glycolysis is less efficient per glucose molecule than OxPhos, 

glycolysis has other advantages for immune cells, being able to take place under oxygen-

rich or hypoxic conditions, providing increased protein/nucleotide metabolism and a faster 

rate of ATP production(255, 280). Glycolysis guarantees that sufficient energy is produced 

in the required time frame to drive macromolecule synthesis (via anabolic metabolism), 

which is ultimately crucial for pathogen clearance and cell survival(281). Macrophages 

require increased ATP for functions such as phagocytosis, antigen presentation, migration 

and effector responses such as production of inflammatory cytokines. Inflammation and 

glycolysis are also intimately linked in macrophages, with M1 (inflammatory) 

macrophages upregulating glycolysis, whereas M2 (wound healing/anti-inflammatory) 

macrophages favour OxPhos(254). Furthermore, stimulation of OxPhos results in 

upregulation of macrophage anti-inflammatory responses(265), whereas overexpression of 

Glut-1 and upregulated glycolysis results in a hyper-inflammatory state(282). These data 
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suggest that there may be a link between the inflammatory phenotype of Atg7
-/-

 

macrophages and their increased rate of glycolysis. 

Mitochondrial and glycolytic pathways are sensitive to changing conditions within the cell, 

enabling rapid shifts between forms of energy generation and allowing up- or 

downregulation of metabolic pathways to allow adaptation to changing ATP requirements. 

Glycolysis is frequently upregulated in tumours(283), providing similar advantages in 

terms of energy generation as it does in macrophages – increased rate of ATP production, 

oxygen independence and metabolic intermediates(255). Upregulation of autophagy in 

tumours is also common, with autophagy playing a pro-survival adaptive role, enabling 

tumours to survive in low oxygen, low nutrient environments and improving resistance 

against chemotherapeutic treatment(4, 284). One mechanism by which autophagy 

promotes tumour cell survival is in maintenance of tumour-associated glycolysis(285), 

with deletion of autophagy genes resulting in attenuated transformation, proliferation and 

reduced glycolytic capacity(286). Glycolysis also positively regulates autophagy by 

promotion of Atg12 transcription(115) and prevention of mTOR activation(287). 

Conversely, inhibition of glycolysis by TIGAR directs glycolytic intermediates toward the 

PPP, causing suppression of autophagy by glutathione-dependent reduction of ROS(288). 

Several questions then arise from our data: How does increased glycolysis benefit Atg7
-/-

 

macrophages, how does it affect the Atg7
-/-

 inflammatory phenotype, and how does loss of 

autophagy contribute to the upregulation of glycolysis in macrophages, when in other 

systems loss of autophagy results in decreased glycolytic capacity? As discussed above, 

ATP generation by glycolysis has several advantages, particularly in terms of the rate of 

ATP production – ATP can be generated much faster by glycolysis than by OxPhos when 

glucose is not limiting.  Loss of autophagy blocks several energy-generating sources, 

particularly energy released from degradation of amino acids, glycogen(289) and 
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lipids(290), which make a valuable energy source in autophagy-competent cells(291). In 

the absence of autophagy, glycolysis could potentially be upregulated to make up the 

energy shortfall.  

Glycolysis has also been shown to be important for generating ATP to maintain 

mitochondrial membrane potential in macrophages following activation, thereby 

preventing apoptosis by the intrinsic pathway(292).  Atg7
-/-

 macrophages have a 

significantly higher mitochondrial burden and increased production of mROS.  An 

increased burden of faulty mitochondria would require increased ATP generation to 

maintain mitochondrial potential and prevent apoptosis. This hypothesis could be assessed 

by incubation of Atg7
-/-

 and wildtype macrophages in galactose, metabolism of which does 

not yield net ATP, and then following mitochondrial membrane potential with 

Tetramethylrhodamine (TMRM). This experiment would also indicate whether the 

glycolytic switch in Atg7
-/-

 macrophages is permanent, or whether OxPhos could meet 

ATP demands when forced. 

Recently, chaperone-mediated autophagy has been shown to be responsible for degrading 

the transcription factor HIF-1α(293). In addition to regulating inflammation(294, 295), 

HIF-1α facilitates glycolysis by transactivating pyruvate dehydrogenase kinase 1(258). 

Analysis of gene expression from Atg7
-/-

 macrophages demonstrated increased HIF-1α 

expression, which would increase both inflammation and autophagy.  HIF-1α as an 

autophagic substrate suggests that HIF-1α protein would accumulate in Atg7
-/-

 

macrophages, further enhancing glycolytic capacity and inflammatory cytokine 

production. Furthermore, ROS and inflammatory cytokines have also been shown to 

increase HIF-1α expression(296, 297), both of which are features of Atg7
-/-

 macrophages, 

and could potentially drive increased glycolysis. 
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Inflammatory cytokine signalling has also been shown to increase glycolysis under other 

conditions.  IL-6 enhanced glycolysis in mouse embryonic fibroblasts and human cell 

lines(298), and TNF-α and IFN-γ stimulation of human dermal fibroblasts has shown 

similar effects(299). As such, increased production of inflammatory cytokines by Atg7
-/-

 

macrophages could result in upregulation and maintenance of glycolysis, resulting in the 

phenotype observed. This effect may be bi-directional, as increased glycolysis results in 

production of increased mROS, which can then increase pro-inflammatory cytokine 

production(151).  

Stimulation of TLR4 by LPS or other ligands results in glycolytic upregulation(266).  As 

discussed in the previous chapter, increased secretion of inflammatory cytokines by 

‘unstimulated’ Atg7
-/-

 macrophages suggests that they are, in fact, likely pre-stimulated by 

an endogenous stimulus such as Prxn1 or other DAMPs.  As such, it is difficult to rule out 

the possibility of the increased glycolysis observed in Atg7
-/-

 peritoneal macrophages 

being due to pre-stimulation in vivo by cytokine signalling or DAMP-mediated TLR4 

engagement from the present data. Nevertheless, unstimulated Atg7
-/-

 BMMɸ had greater 

glucose uptake than wildtype BMMɸ, and an even greater increase following LPS 

stimulation.  Although not conclusive, this does suggest that Atg7
-/-

 macrophages have 

greater glycolytic capacity, even considering their potential pre-activated state, and it 

highlights a potential difficulty with comparing ‘unstimulated’ Atg7
-/-

 macrophages with 

wildtype macrophages, since unstimulated macrophages may not truly exist in our model. 

As such, it may be instructive to use chemical or siRNA knockdown methods to inhibit 

autophagy in wildtype macrophages and observe changes in glycolytic capacity.  This 

would also establish if increased glycolysis is specific to loss of Atg7 or autophagy in 

general.  
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As discussed above, increased glycolysis in tumour cells often requires autophagic support 

to prevent metabolic stress caused by the generation of increased ROS(300), which is vital 

in cells that are not adapted to a high level of glycolysis and ROS.  However, macrophages 

are specially tailored to utilise glycolytic ATP and ROS for activation and cell killing, and 

therefore have adaptions that allow them to survive increased metabolic stress, such as 

upregulation of antioxidant genes(273).  Furthermore, macrophage proliferation is 

inhibited following stimulation(301), whereas tumour cells are by their nature highly 

proliferative.  This may explain why Atg7
-/-

 macrophages are able to undergo such high 

levels of glycolysis in the absence of autophagy, whereas fast dividing tumour cells that do 

not normally utilise glycolysis or experience high levels of ROS, cannot. 

5.14 Atg7-/- macrophages have increased respiratory 

reserves but no ATP-related oxygen consumption 

Analysis of oxygen consumption in Atg7
-/-

 and wildtype macrophages revealed a 

significantly higher basal OCR in the absence of autophagy, compared with wildtype 

macrophages. However, this basal oxygen consumption appears to be independent of ATP 

generation, as treatment with the stage 3 OxPhos inhibitor Oligomycin resulted in no 

change in OCR, whereas OCR in wildtype macrophages decreased to around half the basal 

levels.  This suggests that wildtype macrophages are generating a proportion of their 

energy from OxPhos, whereas Atg7
-/-

 macrophages are relying solely on glycolysis for 

their energy needs, with little residual OxPhos-related ATP production.  As discussed 

previously, this may indicate that Atg7
-/-

 macrophages are already partly activated in vivo 

and have thus downregulated OxPhos(292). However, while LPS stimulation of 

macrophages does normally lead to an increased ECAR, this usually occurs with a 

simultaneous drop in OCR(302). Furthermore, activation with LPS has previously been 
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shown to result in a lower basal OCR than unstimulated macrophages(269). Since 

increased, not decreased, oxygen consumption is a feature of Atg7
-/-

 macrophages, their 

lack of ATP-related oxygen consumption may not indicate activation.  

FCCP is used to assess maximal potential oxygen consumption, known as maximum 

respiratory capacity (MCR), by uncoupling the proton transport chain from ATP synthesis. 

Atg7
-/- 

macrophages were shown to have a significantly increased MRC compared to 

wildtype macrophages, and also held their oxygen consumption steady during FCCP 

treatment, whereas wildtype macrophage OCR showed an initial peak that slowly dropped 

as time passed.  Spare respiratory capacity (SRC) can then be calculated by the difference 

between the MRC and the basal OCR. The increased SRC in Atg7
-/-

 macrophages may be 

due to the increased number of mitochondria present in their cytoplasm, and therefore 

higher consumption of oxygen upon FCCP treatment.  Interestingly, a high SRC has 

previously been associated with M2 macrophages, due to increased mitochondrial 

biogenesis(269), whereas in the same experiments, LPS stimulated and M1 macrophages 

had a SRC comparable to their basal OCR. Although increased mitochondria in Atg7
-/-

 

macrophages are likely due to reduced clearance by autophagy, increased mitochondrial 

biogenesis cannot be ruled out.  Biogenesis could be assessed by analysis of Tfam and Cox-

1 expression, a major regulator of mitochondrial biogenesis and an essential component of 

the respiratory chain, respectively(303). It has been proposed that increased SRC under 

conditions of maximum physiological stress is a major factor determining the survival of 

cells(268), by reducing their reliance on glycolysis and increasing the variety of potential 

energetic substrates(304). This may provide a survival advantage for Atg7
-/-

 macrophages, 

potentially allowing them to revert to OxPhos if required.  It would be interesting to repeat 

the bioenergetic Seahorse experiment using glycolytic inhibitors, such as 2-Deoxyglucose 

or oxamate, and observe whether any of the SRC observed in Atg7
-/-

 macrophages could 
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be utilised, or whether mitochondrial damage in the absence of autophagy renders this 

impossible, or severely reduced.  

Treatment of macrophages with the mitochondrial NADPH dehydrogenase inhibitor, 

rotenone, allowed assessment of non-mitochondrial respiration. Rotenone treatment of 

Atg7
-/-

 macrophages resulted in a decrease in OCR from the MRC back to basal levels, 

implying that basal oxygen consumption in Atg7
-/-

 macrophages is independent of the 

mitochondrial route.  In wildtype macrophages, however, OCR decreased to the 

oligomycin treated rate, suggesting that part of the basal rate in wildtype macrophages is 

ATP-related, with a smaller proportion of mitochondria exhibiting independent respiration. 

Non-mitochondrial respiration has been shown to include consumption of oxygen at the 

cell surface via trans-plasma membrane electron transport (tPMET)(305), which is 

particularly prevalent in cells undergoing high levels of proliferation or glycolysis.  This 

form of non-mitochondrial respiration may assist glycolytic energy production by 

facilitating re-oxidation of cytosolic NADH, allowing continued glycolysis. tPMET helps 

alleviate the intracellular reductive stress caused by persistent glycolysis(306), and has 

been shown to take place in macrophages(307). Use of such a pathway in Atg7
-/-

 

macrophages would make sense to help maintain their high rate of glycolysis and explain 

their high ATP-independent oxygen consumption. The contribution of tPMET to oxygen 

consumption can be assessed using reduction of the water-soluble tetrazolium salt (WST-

1) to the chromogenic formazan, which can then be assessed by spectrophotometry(308).  

In this experiment, OCR and ECAR were both investigated after treatment with 

compounds that directly influence various aspects of OxPhos.  Given the high reliance of 

Atg7
-/-

 macrophages on glycolysis and their apparently high SRC, it would be instructive 

to conduct a similar experiment using glycolytic inhibitors.  An experimental setup could 

investigate changes in ECAR and OCR following macrophages incubated in galactose 
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initially, followed by injection of glucose to increase the glycolytic rate, oligomycin to 

show maximum glycolysis, and 2DG to completely inhibit glycolysis and give an 

indication of non-glycolytic acidification.   

5.15 Altered metabolism in Atg7-/- macrophages may include 

changes in the Pentose Phosphate Pathway 

In addition to altered expression of glycolytic proteins suggested by proteomic analysis, 

and verified experimentally, proteomics showed a decrease in expression of several 

proteins associated with the PPP in Atg7
-/-

 macrophages. Although these alterations remain 

to be verified by western blot or other assays to demonstrate levels of the vital enzymes 

involved, it is interesting to consider the potential contribution of an altered PPP to the 

Atg7
-/-

 phenotype. The PPP is an essential supplier of the reducing agent NADPH for 

glycolysis and a major source of other metabolic intermediates(309). Proteomic analysis 

suggests that Glucose-6-phosphate 1-dehydrogenase (G6PD) and 6-phosphogluconate 

dehydrogenase, two enzymes in the oxidative phase of the PPP, have reduced expression 

in Atg7
-/- 

macrophages. NADPH is an important reductant, with key roles in many 

biological processes including maintenance of the antioxidant system(310). Research has 

shown that overexpression of macrophage G6PD and associated NADPH production, 

caused increased expression of pro-inflammatory and pro-oxidative genes(311). Thus, 

decreased production in Atg7
-/-

 macrophages may play a protective role in limiting 

oxidative damage in the absence of autophagy. However, macrophage G6PD  deficiency 

has also been shown to increase cytokine responses following LPS stimulation(312), 

paralleling the phenotype observed in our macrophages, suggesting that reduced G6PD 

expression may be contributing to the increased inflammatory cytokine production 

observed from our macrophages. The polarised responses to G6PD expression in various 
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cells and experimental conditions(311-314) suggest that the role of G6PD, and potentially 

the significance of the initial phase of the PPP, are influenced by cell type, redox 

signalling, activation state and other experimental conditions.  Further investigation using 

PPP modulators and quantitative assessment of PPP enzyme levels would be required to 

determine its true role in autophagy-deficient macrophages.  

5.16 Atg7-/- macrophages show upregulated expression of 

antioxidant pathways 

As so many macrophage processes and effector functions rely on the production of ROS, 

macrophages have adapted comprehensive antioxidant defences to allow regulation of 

oxidant production at a safe level for homeostasis and signalling(152). A significant 

upregulation of antioxidant pathways in Atg7
-/-

 macrophages was indicated in the 

proteomic analysis, and confirmed by qPCR analysis.  Increased Prxn1 staining was also 

found in LPS-stimulated Atg7
-/-

 macrophages by immunofluorescence staining. A major 

instrument in cellular defences against oxidative stress is the activation of the Nrf2-

antioxidant response element signalling pathway, to which the Prxns, heme oxygenase and 

thioredoxin all belong(315). Nrf2 directs expression of genes involved in detoxification 

and removal of reactive oxidants via chemical reactions and enhancement of antioxidant 

capacity. Nrf2 is activated in macrophages during oxidative stress(316), with Nrf2
-/-

 

macrophages showing a marked increase in their susceptibility to oxidative cell death 

induced by l-chloro-2,4-dinitrobenzene(273). In unstressed cells, Nrf2 is maintained at low 

cytoplasmic levels by its inhibitor Keap1, which directs its degradation via the proteasome. 

During oxidative stress, Keap-mediated degradation is inhibited, and the stabilised protein 

is able to translocate to the nucleus(153), allowing expression of genes including 

antioxidants, DNA repair enzymes, and anti-inflammatory response proteins. Much like 



Chapter 5 – Loss of autophagy skews macrophage metabolism to glycolysis 

Page | 165  

 

the autophagy pathway, there is controversy over the exact role of Nrf2 in cancer, as it 

appears to play a dual role as both a tumour suppressor and an oncogenic factor – 

preventing tumorigenesis, but contributing to enhanced survival of tumour cells.   

Atg7
-/-

 macrophages produce significantly higher levels of ROS than wildtype 

macrophages, due to increased levels of damaged mitochondria, and potentially also to 

their increased levels of glycolysis, which has been shown to increase oxidative 

stress(278).  As such, increased expression of antioxidants such as Prxn1 is likely an 

adaptive response by Atg7
-/-

 macrophages to enable survival in the presence of increased 

ROS.  Furthermore, p62 accumulation in liver cells defective in autophagy has been shown 

to increase the action of Nrf2, by interacting with the Nrf2 binding site on Keap1 and 

allowing Nrf2 translocation to the nucleus(190). A similar build-up of p62 in Atg7
-/- 

macrophages may also contribute to Nrf2 activation, further upregulating antioxidant 

activation. Interestingly, proteomic analysis also indicated reduced expression of Obg-like 

ATPase 1 (OLA1), a negative regulator of the antioxidant pathway(271). Activation of 

antioxidant enzymes and other defensive proteins leads to a reduction in cellular free 

radicals, many of which are vital for normal cell signalling.  Furthermore, overexpression 

of extracellular Prxns, such as Prxn1, can have detrimental effects by acting as DAMPs, as 

discussed previously. Thus, cells may require regulatory factors such as OLA1 to prevent 

free radicals from falling below a critical threshold. This suggests that over-activation of 

the antioxidant response via persistent Nrf2 activation could have detrimental effects, 

which contribute to their inflammatory phenotype.  This could be assessed using 

overexpression of OLA1 to selectively blunt the antioxidant response, and investigating 

increases in cell death, oxidative stress and inflammatory cytokine production. 



Chapter 5 – Loss of autophagy skews macrophage metabolism to glycolysis 

Page | 166  

 

5.17 Perturbation of energy generation pathways influences 

the inflammatory response and cell death 

Loss of Atg7 in macrophages results in increased glycolysis and potential perturbation of 

the PPP. As both the PPP and glycolytic pathways have been linked to increased 

production of inflammatory cytokines(282, 317), cytokine expression in Atg7
-/-

 

macrophages was assessed following overnight incubation of macrophages with 

metabolism modulators.  Oxamate, an LDH inhibitor, was used to inhibit glycolytic ATP 

production and the PPP was inhibited by DHEA, a G6PD inhibitor.  Galactose was also 

substituted for glucose in some cultures, enabling an assessment of the energy contribution 

of glycolysis to cytokine production, since metabolism of galactose by glycolysis yields no 

net ATP.  

Galactose metabolism resulted in only a very small reduction in cytokine expression, with 

no differences observed between wildtype and Atg7
-/-

 macrophages, suggesting that 

cytokine production is not significantly influenced by reduction in glycolytic ATP 

production, and that the increased ATP production by Atg7
-/-

 macrophages is likely not the 

cause of increased cytokine expression. Interestingly, galactose treatment resulted in a 

significant increase in cell death, in both wildtype and Atg7
-/-

 macrophages, suggesting 

that activated macrophages do struggle to convert their energy production mechanism to 

OxPhos, at least for an overnight period.  This experiment could be repeated using 

different durations of galactose replacement, to determine whether short term galactose 

treatment results in OxPhos upregulation and whether any macrophages managed to adapt 

over longer periods of galactose incubation. Glucose could also be replaced by pyruvate as 

an energy source, which would feed directly into the OxPhos pathway and possibly 

stimulate its energetic output. 
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Direct inhibition of glycolysis using oxamate resulted in decreased cytokine expression in 

both wildtype and Atg7
-/-

 macrophages, confirming that glycolytic rate does impact 

cytokine secretion. As Atg7
-/-

 macrophages have a higher glycolytic rate, it was expected 

that blockade of the glycolysis pathway would have a greater influence on cytokine 

secretion than in wildtype macrophages.  However, this was not the case, with wildtype 

macrophages showing a greater decrease in expression of IL-10 and TNF-α than Atg7
-/-

 

macrophages, though the drop in IL-6 secretion was similar.  This could be due to 

activation of respiratory reserves in Atg7
-/-

 macrophages, to make up for the ATP shortfall, 

or it may be that the concentration of oxamate used was not sufficient to blockade the level 

of glycolysis occurring in Atg7
-/-

 macrophages.  Experiments with longer duration of 

oxamate treatment (in this experiment overnight treatment was used) or a higher 

concentration of oxamate may give a clearer indication of the role of increased glycolysis 

in excess cytokine production by Atg7
-/-

 macrophages. Glycolytic blockade also increased 

cell death, as expected, due to macrophage reliance on glycolytically-derived ATP.  Unlike 

galactose treatment, which resulted in similar levels of cell death in both cultures, oxamate 

treatment resulted in a significantly higher increase in cell death in Atg7
-/-

 macrophages 

than wildtype macrophages, suggesting increased glycolysis is indeed a survival adaption 

to the loss of autophagy.  However, cell death in all cultures was quite variable in this 

experiment, and further experiments, possibly experimenting with different oxamate 

concentrations or durations, would be useful to clarify the contribution of glycolytic 

blockage to increased macrophage cell death.  

Interestingly, Atg7
-/-

 macrophages did appear to be more sensitive to PPP blockade than 

wildtype macrophages.  Following overnight treatment with DHEA, LPS-stimulated 

Atg7
-/- 

macrophages showed no induction of IL-6 or IL-10 expression above unstimulated 

levels.  TNF-α expression was also significantly reduced in Atg7
-/-

 macrophages, though 
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there was still an induction of expression above unstimulated levels.  Wildtype 

macrophage cytokine expression was also reduced in the presence of DHEA, but to similar 

levels as those observed following oxamate treatment.  This strongly implicates the PPP in 

modulation of increased inflammatory cytokines in macrophages, since interruption of the 

pathway leads to reduced expression.  Possibly Atg7
-/-

 macrophages were more affected by 

PPP blockade due to reduced expression of G6DP, meaning the blockade was more 

effective.  However, if this was the whole story, one would expect general cytokine 

secretion in untreated Atg7
-/-

 macrophages to also be lower, again due to apparently 

decreased G6DP.  Clarification of actual PPP metabolic rates in wildtype and Atg7
-/-

 

macrophages would assist in interpretation of these data.   

5.18 Conclusions 

Loss of Atg7 and autophagy in macrophages results in a dramatic skewing of metabolism 

toward glycolysis, while maintaining elevated rates of oxygen consumption and increased 

respiratory reserve. Upregulation of glycolysis may function as a survival mechanism, 

allowing generation of additional ATP to substitute for lost energy production in the 

absence of autophagic degradation of intracellular substrates.  To our knowledge, this is 

the first report of increased glycolysis in the absence of autophagy, with previous reports 

showing a requirement for autophagy in glycolytic energy production.  Altered glycolysis 

and oxygen consumption may also be accompanied by alterations in the PPP, which could 

further influence oxidative stress and cytokine production.  Atg7
-/-

 macrophages are able to 

adapt to the oxidative stress caused by increased mitochondrial load and production of 

mROS in the absence of autophagy through upregulation of antioxidant pathways, such as 

the Nrf2 family of antioxidants. The ability to upregulate glycolysis and antioxidant 

pathways, two pathways fundamental to normal macrophage function, may enable 
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macrophages to survive and adapt to loss of autophagy, whereas immune cells that are less 

adapted to oxidative stress, such as T-cells, or more reliant on OxPhos succumb more 

quickly when stressed.  
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6.1 Autophagy and aging 

Aging is an inevitable physiological phenomenon characterised by accumulation of 

molecular damage within cells and tissues, resulting in functional changes and impairment 

caused by continuous decline in essential maintenance and repair pathways(318). Further 

contributions to the rate and extent of aging include predetermined genetic factors, 

environmental influences, and disease(5). Common changes associated with aging include 

changes in tissue composition, decreased physiological capacity (for example reduced 

cardiovascular function), diminished response to external stimuli and increased incidence of 

disease(319, 320). The link between autophagy and aging was first revealed by genetic 

studies of yeast, and later of C. elegans, where siRNA mediated knockdown of Beclin-1 

resulted in a significant decrease in lifespan(46, 47, 321, 322). Complete or tissue specific 

ablation of autophagy genes in other models has shown a similar link between lack of 

autophagy and aging, whereas genetic overexpression of the autophagy gene Atg5 has been 

shown to increase lifespan(323).  

Autophagy has also been linked to aging through studies investigating the benefits of 

caloric restriction on lifespan(324). Caloric restriction (CR) is achieved by reducing calorie 

consumption without causing malnutrition, and appears to be the crucial anti-aging 

intervention that extends life span in most animals, including rhesus monkeys, in which it 

reduces the incidence of cardiovascular, cancer, disease diabetes, and brain atrophy(325).  

Epidemiological studies suggest that CR is also beneficial to human health(326). CR is the 

most potent physiological inducer of autophagy, whereas inhibition of autophagy prevents 

the anti-aging benefits of CR in all species in which it has been investigated(327). 

Significant evidence has accumulated to suggest that maintenance of autophagy levels 

extends lifespan(328, 329).  Furthermore, several studies have implicated autophagy in 

protection against a variety of age-related diseases, such as Alzheimer's disease, 
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Huntington's disease, Parkinson's disease and oculopharyngeal muscular dystrophy(12, 13, 

48, 330). The mechanisms by which autophagy is thought to increase lifespan and reduce 

age-related decline include the removal of accumulated toxic protein aggregates, 

degradation of damaged mitochondria and improved mitochondrial function, and reduced 

cell death arising from enhanced homeostasis and hormesis(331). Furthermore, autophagy 

protects against stem cell loss and damage, as shown by our group(57, 332), and reduces 

oncogenic transformation(4, 333), thereby limiting the incidence of cancer.  

Although the link between reduced autophagy and aging is now well established, little is 

known about why autophagy levels decline with age. Some studies have suggested that 

expression of autophagy genes declines with age(334), though the mechanism for reduced 

expression was not explored. Further research is required into the mechanism of age-related 

autophagy decline and into effective, accessible methods to maintain autophagy levels with 

age in addition to CR. 

6.2 Aging of the immune system 

In addition to the myriad of other systems whose function declines with age, aging is 

associated with a decline in effective immune function and a corresponding increase in 

susceptibility to infection and attendant mortality(335). Aging causes changes in both the 

innate and adaptive arms of the immune system, both in cell number and function.  

Aging results in an overall decrease in HSC number and renewal capacity, resulting in 

reductions in total hematopoietic tissue volume in bone marrow(336-338), and changes in 

lineage commitment, with a skewing toward myeloid progenitors at the expense of 

lymphoid progenitors(339). Adaptive immunity is significantly impaired in the elderly, 

resulting in increased susceptibility to infection and reduced response to vaccinations.  

Numbers of T- and B-cells decline significantly with age(340, 341), and their function is 
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also affected. Antibodies produced by B-cells from elderly people exhibit decreased affinity 

for antigen and class-switching ability is impaired compared with B-cells from younger 

individuals(342). A simultaneous decline in the function of CD4
+
 T-helper cells might also 

be a contributing factor to B-cell changes(343). There are several other changes in T-cell 

number and function with age, including reduced numbers of naive T-cells, diminished 

response to antigenic stimulation, decreased proliferation, and increased numbers of 

memory cells(344).  

There are also a number of alterations in innate immunity that occur with aging. However, 

whereas the adaptive immune system shows almost universal decline with age, changes in 

the innate immune system are more enigmatic. Although functions of some immune cells 

do appear decreased, a chronic, low level of inflammation is frequently observed in the 

elderly due to increased inflammatory cytokine production from innate cells such as 

neutrophils and macrophages, a process known as ‘inflammaging’(345). Numbers of NK 

cells have been shown to increase with age but their cytotoxicity is decreased and secretion 

of cytokines and chemokines such as RANTES, MIP1α, and IL-8 are also reduced(346). 

Neutrophil effector functions are decreased with age, including phagocytosis and 

superoxide generation(347, 348). DCs also show some alterations in function, though it 

appears that some aspects of the DC response are unchanged. Aged DCs retain their 

capacity for stimulation of a T-cell response(349), however expression of DC-SIGN is 

reduced and DC trafficking in vivo is significantly impaired(350). Decreased stimulated 

cytokine production has also been observed from aged DCs(351), though basal levels of 

production were found to be increased. Macrophages also exhibit a variety of age related 

changes.  Increased numbers of monocytes and macrophages have been observed in the 

elderly(352, 353), though their functional capacity is reduced(354). Aged macrophages 

exhibit a decrease in oxidative and NO burst(355) and have reduced phagocytic 
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capacity(356). TLR expression on macrophages decreases during aging(236), which may 

be responsible for the decreased cytokine production observed by some researchers. 

However, several other studies have shown increased inflammatory cytokine production by 

aged macrophages(357, 358). Expression of important antigen presentation receptors such 

as MHC II and the co-receptor CD86 has also been shown to be decreased on aged 

macrophages(359, 360), potentially altering antigen presentation capacity.  

There is considerable variation in the specific alterations recorded in studies of aged 

immune systems, partly as a result of different methods of analysis, background conditions 

and the difficulty in identifying ‘healthy’ aged participants with no other underlying 

conditions that could alter immune function(354).  

6.3 Similarities between autophagy-deficient and aged 

macrophages 

This chapter demonstrates decreased levels of autophagy in aged macrophages and draws 

parallels between the phenotypes of aged and Atg7
-/-

 macrophages. We show that aged 

macrophages have several features in common with autophagy-deficient macrophages and 

link further functional changes in aged macrophages observed in the literature with the 

altered functions observed in Atg7
-/-

 macrophages. Loss of autophagy in macrophages 

appears to dramatically accelerate the appearance of aged macrophage features, suggesting 

that the decreased autophagy observed in aged macrophages contributes to their functional 

decline and increased production of inflammatory cytokines, potentially implicating 

autophagy in the regulation of inflammaging. 
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6.4 Aged macrophages have reduced autophagy 

The reduction in innate and adaptive immune responses and increased inflammatory status 

in Atg7
-/-

 macrophages is caused by lack of autophagy directly interacting with vital 

cellular processes (e.g. reducing antigen processing or clearance of activated 

inflammasomes) or indirect effects such as increased reactive oxygen species.  Reductions 

in the innate and adaptive immune responses produced by aged macrophages may also have 

a similar origin and be caused by reduced autophagy.  Autophagy levels were assessed in 

BMMɸ from aged mice using a novel imaging flow cytometry assay developed by our 

lab(361). Autophagy was assessed by evaluating mean numbers of autophagic ‘puncta’ per 

cell, which are formed when lipidated LC3 is recruited into autophagosomes, and by 

assessing the colocalisation of autophagosomes and lysosomes as defined by Bright Detail 

Similarity (% BDS). BDS is a feature of the Image Stream that calculates the proportion of 

overlapping pixel intensities of different channels of fluorescence(362). BMMɸ from aged 

mice have significantly fewer mean LC3 puncta per cell, particularly following inhibition 

of autophagic flux using E64D and PepstatinA (figure 6.1).  Autophagy was inducible with 

IFNγ and LPS in both macrophages from 7 week and 107 week mice, but remained 

significantly lower in aged macrophages than in young macrophages.   
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Figure 6.1: Aged macrophages have reduced LC3 puncta even after autophagic induction.  BMMɸ were 

cultured for 7 days and stimulated overnight with IFNγ (10 ng/ml) and LPS (1 µg/ml) to induce autophagy.  

Autophagic flux was inhibited for 2 hours with E64D (10 µg/ml) and Pepstatin A (2 µg/ml) or Chloroquine 

(20 µM). Samples were then stained for F4/80, followed by fixation and permeabilisation to allow LC3 and 

lysoID staining. Dead cells were excluded by live/dead staining. Mean LC3 puncta/cell was assessed using 

the ImageStream Spot Count wizard.  Graph shows mean LC3 puncta/cell, error bars represent SD.  *p<0.05, 

***p<0.001, one-way ANOVA.  Grateful acknowledgments to Anne Hansen for running and analysing the 

samples and for help and advice with autophagy assays.  

Autophagy starts with the formation of LC3
+
 autophagosomes around autophagic 

substrates. However, it is a highly dynamic process that is not considered complete until the 

fusion of autophagosomes with lysosomes to give the degradative autolysosomes capable 

of recycling components into the cytoplasm. As such, increased presence of 

autophagosomes alone is not ideal as a measure of autophagy.  Measuring co-localisation of 

LC3
+
 autophagosomes with lysosomes gives a further measure of the level of autophagy 

flux in cells, by measuring the BDS between the two fluorescent markers as described 

above.  BDS (and co-localisation of autophagosomes and lysosomes) was significantly 

reduced in macrophages derived from 107 week old mice, compared with macrophages 

from 7 week old mice (figure 6.2). Chloroquine treatment reduced BDS in young 

macrophages, but not in old macrophages, suggesting low levels of autophagy already 
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present in aged macrophages that cannot be further reduced.  Flux inhibitors and autophagic 

stimuli (LPS and IFNγ) resulted in increased BDS in both young and old macrophages over 

untreated macrophages, though was still significantly lower in aged compared to young 

macrophages. Together, reduced numbers of LC3 puncta and reduced co-localisation 

between autophagosomes and lysosomes as indicated by BDS is indicative of lower 

autophagy in aged macrophages than in young macrophages. 

 

Figure 6.2: Reduced colocalisation between LC3
+
 autophagosomes and lysosomes in aged mice. BMMɸ 

were cultured for 7 days and stimulated for 3hrs with IFNγ (10 ng/ml) and LPS (1 µg/ml) to induce 

autophagy. Autophagic flux was inhibited for 2 hours with E64D (10 µg/ml) and Pepstatin A (2 µg/ml) or 

Chloroquine (20 µM). Samples were then stained for F4/80, followed by fixation and permeabilisation to 

allow LC3 and lysoID staining. Dead cells were excluded by live/dead staining. Grateful acknowledgments to 

Anne Hansen for running and analysing the samples and for help and advice with autophagy assays. 

***p<0.001, t-test. 

6.5 Aged mice have increased numbers of myeloid cells  

Human and animal aging is accompanied by a decline in immune function, causing 

increased susceptibility to infection and reduced quality of life, as well as being a major 

cause of mortality. Immune aging is associated with a decline in numbers and function of 

the lymphoid cells of the adaptive immune system, with fewer immature T- and B-
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cells(363) released from the bone marrow and a significant reduction in T-cell 

diversity(364).  Aging of the innate immune system can also be accompanied by changes in 

cell numbers, with increases in circulating neutrophils(353) and macrophages(365) 

observed, and a general skewing of haematopoiesis toward the myeloid lineages(366, 367). 

Furthermore, the elderly are significantly more susceptible to myeloproliferative and 

myelodysplastic syndromes than young individuals.  

This bias toward myeloid cell production is reminiscent of the Vav-Atg7
-/-

 mouse model, 

which has significantly decreased T and B lymphocytes(147) and increased numbers of 

macrophages and neutrophils (Chapters 3 and 7). Macrophage numbers were assessed by 

flow cytometry from 107 week old C57BL/6 mice and compared to 7 week old wildtype 

mice, the same age at which Atg7
-/-

 macrophage numbers were assessed at.  Macrophage 

numbers were found to be significantly increased in the blood and spleen of aged mice, 

similar to Vav-Atg7 (figure 6.3).   

 

Figure 6.3: Increased numbers of F4/80
+
 cells in the blood and spleen of 107 week old mice, but reduced 

numbers in the peritoneal cavity.  Blood, peritoneal and splenic single cell suspensions from 7 and 107 week 

old C57BL/6 mice had RBC lysed prior to staining for analysis by flow cytometry.  Graph shows average % of 

F4/80
+
 cells/sample, error bars represent SEM and n = 3. *p<0.05, un-paired t-test. 
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However, significantly fewer macrophages were found in the peritoneal cavity of aged 

mice, relative to 7 week old mice, in contrast to Vav-Atg7 mice, which also had increased 

peritoneal macrophages. 

6.6 Altered expression of surface marker and autophagy 

genes in aged macrophages 

Reduced expression of genes encoding the surface marker receptors for MHC II and TLR4 

was a feature of Atg7
-/-

 macrophages (see results chapter 4), potentially contributing to 

reduced surface expression of these vital immune recognition and signalling molecules and 

thereby reducing the ability of the macrophages to mount an effective response to immune 

challenge. IFNγ stimulated MHC II mRNA expression has previously been found to be 

reduced in aged mice(360), as has reduced expression of TLRs on peritoneal and splenic 

macrophages from aged mice(236). BMMɸ were derived from 107 week old mice and 

RNA extracted for analysis by qPCR.  Expression of MHC II and TLR4 mRNA was 

compared to that from BMMɸ derived from 7 week old mice, and found to be significantly 

reduced to 60% and 45% of young mice expression, respectively (figure 6.4).  This is very 

similar to the reduced levels of MHC II and TLR4 mRNA expression seen in unstimulated 

Atg7
-/-

 macrophages.  

Levels of the transcription factors controlling antioxidant expression and adaptation to 

hypoxic conditions, Nrf2 and HIF-1α, were also assessed by qPCR, as these had been found 

to be increased in Atg7
-/-

 macrophages (see results chapter 5).  Neither Nrf2 nor HIF-1α 

expression was upregulated in BMMɸ derived from old mice compared with young mice. 

Finally, levels of autophagy gene expression were compared in macrophages derived from 

young and old mice, to determine whether low expression of autophagy genes contributes 

to the reduced autophagy observed in macrophages derived from aged mice.  Levels of 
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Atg7 and Atg6 mRNA were both significantly reduced from aged macrophages, with Atg7 

particularly reduced to less than 50% of that seen in young macrophages.  The reduction in 

Atg6 mRNA was more modest, to 90% of young macrophage levels.  Atg5 expression was 

particularly variable between replicates, but showed a trend of increased expression in aged 

macrophages.  However, the increase was not significant.  The reduction in expression of 

essential autophagy genes Atg6 and Atg7 may contribute to the reduced autophagy 

observed in macrophages derived from aged mice. 

 

Figure 6.4:  Decreased relative surface marker and autophagy gene mRNA expression in aged macrophages. 

BMMɸ from 7 and 107 week old mice were cultured for 7 days as previously described. Macrophages from 3 

aged or 3 young mice were pooled, total RNA was extracted using Trizol reagent and reverse transcribed to 

cDNA. Values determined using the ΔΔCT method, normalised to GAPDH and compared to 7 week old 

macrophages cultured under the same conditions.  Dotted line represents young mouse expression levels. 

Error bars represent standard deviation of 3 replicates, *p<0.05, **p<0.01, un-paired t-test. 

6.7 Aged macrophages have increased lipid droplets 

Atherosclerotic cardiovascular disease is a major, age related, cause of morbidity and 

mortality worldwide(368), with excessive lipid accumulation and release of inflammatory 

cytokines by macrophages within atherosclerotic plaques a major contributor to 

disease(369). We (chapter 3) and others(122) have shown higher lipid levels in autophagy-
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deficient macrophages, as autophagosomes help breakdown and recycle droplets to prevent 

their build-up.  Reductions in autophagy in aged macrophages may also contribute to 

increased lipid droplets, and hence lipid levels in aged macrophages were assessed using 

the lipid stain Nile Red. Like Atg7
-/-

 macrophages, macrophages derived from 107 week 

old bone marrow were found to stain significantly higher for lipid than young mice (figure 

6.5).  

 

Figure 6.5:  Increased Nile Red Lipid droplet staining in bone marrow derived macrophages from aged mice.  

BMMɸ were cultured from 7 and 107 week old mice for 7 days as previously described. Macrophages were 

stained for F4/80 and CD11b, followed by staining with Nile red (1 µM) for 20 min at 37° C.  Left: overlaid 

histograms of Nile red staining in F4/80
+
 CD11b

+
 cells. Right: Graphical representation of average MFI of 

Nile red fluorescence for F4/80
+
 CD11b

+
 macrophages. Error bars represent SEM, n = 3. **p<0.01, un-

paired t-test. 

6.8 Aged macrophages are more granular 

Macrophages have a characteristic high light scatter profile when assessed by flow 

cytometry.  As discussed in chapter 1, high SS results from increased cellular complexity 

and can be caused build-up of organelles or other components, such as lipid droplets, in the 

cytoplasm(370). As Atg7
-/-

 macrophages exhibited significantly higher side scatter than 

wildtype macrophages, aged macrophages were assessed for the same characteristic. Side 

scatter in both young and old bone marrow derived macrophages was very high. Similarly 
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to Atg7
-/-

 macrophages, however, aged macrophages had significantly higher side scatter 

and therefore granularity, than young macrophages (figure 6.6). 

 

Figure 6.6: Flow cytometric analysis of BMMɸ cultures based on their FS vs. SS profile.  BMMɸ were 

cultured for 7 days in the presence of M-CSF (20 ng/ml) and stained for flow cytometry. Left: Overlaid 

histograms of macrophages side scatter (log). Gated on F4/80
+ 

CD11b
+ 

cells. Right: Statistical comparison of 

SS MFI, error bars represent SEM, n = 3. *p<0.05. 

6.9 Aged macrophages show increased mitochondria and 

mROS after LPS activation 

Several aging studies have uncovered a link between mitochondrial quality and 

longevity(371), with several showing that mitochondrial health can be improved by caloric 

restriction(325, 326). As caloric restriction results in upregulation of autophagy(324), this 

implicates autophagy in regulation of aging associated damage to mitochondria.  

Furthermore, we have shown that lack of autophagy in macrophages leads to an 

accumulation of mitochondria and increased mROS.  Due to the connection between 

autophagy, aging and mitochondrial damage, we assessed mitochondrial content and mROS 

in macrophages derived from 7 week and 107 week old mice.  No significant differences 

were observed between mitochondrial loads in unstimulated and IFNγ stimulated young 
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and aged macrophages (figure 6.7).  However, following LPS stimulation, aged 

macrophages were found to contain significantly more mitochondria than wildtype 

macrophages. 

 

Figure 6.7: Mitochondrial levels in bone marrow derived macrophages from 7 and 107 week old mice.  

BMMɸ were cultured and stimulated overnight with LPS or IFNγ, followed by staining with MitoTracker 

Green (200 nM). Macrophages were analysed on an LSRII flow cytometer (BD). Average MitoTracker green 

MFI for F4/80
+
 CD11b

+
 macrophages shown, error bars represent SEM. *p<0.05, un-paired t-test. 

Acknowledgments to Anne Hansen for running and analysing the samples. 

Aging is also associated with increased production of mROS due to accumulation of 

damaged mitochondria in major organs(372), and in macrophages(373). Similarly, we have 

shown that loss of autophagy causes an increase in mROS in macrophages.  To confirm 

increased mROS production in aged macrophages, BMMɸ from 7 and 107 week old mice 

were stained with MitoSOX dye.  Aged macrophages showed a trend of increased mROS 

across all stimuli; however this only reached significance following LPS stimulation due to 

staining variability between samples (figure 6.8). 
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Figure 6.8: Atg7
-/-

 macrophages have increased levels of mitochondrial ROS.  BMMɸ from 7 week and 107 

week old mice were cultured for 7 days and stimulated overnight with LPS (1 µg/ml) or IFNγ (10 ng/ml).  

Cells were washed and stained with MitoSOX (5 µM) for 20 min at 37° C. Macrophages were analysed on an 

LSRII flow cytometer (BD). Graph shows average MFI of MitoSOX staining, error bars represent SEM, n = 

3. *p<0.05, un-paired t-test. Acknowledgments to Anne Hansen for running and analysing the samples. 
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6.10 Aged macrophages have reduced autophagy 

Age-related changes in the immune system contribute to the increased vulnerability of the 

elderly to infection, reduce the effectiveness of vaccination, and potentially increase 

autoimmunity and cancer(374). Immunosenescence affects multiple cell types in both the 

adaptive and the innate arms of the immune system, resulting in increased cell death, 

decreased function and a lower capacity to prevent and clear infections. Levels of 

autophagy also decline in many tissues with age, including the liver, heart and muscles, as 

well as in cells of the immune system(361), resulting in increased levels of oxidative stress, 

damaged mitochondria and ROS. However, increasing autophagy in aged cells and 

organisms, either by caloric restriction(375), chemical induction of autophagy(376) or 

genetic overexpression of autophagy genes(323), results in reduced aging-related damage 

and extension of lifespan. This suggests a strong link between reduced autophagy and 

cellular symptoms of aging. Investigation of BMMɸ from aged (107 weeks) mice shows 

that macrophages also undergo reduced autophagy with age, with fewer autophagosomes 

per cell and a reduction in autophagic flux, the fusion of autophagosomes with lysosomes. 

However, autophagic flux was not completely abolished and induction of autophagy using 

LPS and IFNγ was still possible, though not to the same extent as seen in young 

macrophages. Aged macrophages also showed a significant reduction in gene expression of 

the essential autophagy genes, Atg6 (Beclin-1) and Atg7, as has previously been seen in 

other aged tissues(377). 

How aging results in reduced autophagy is the subject of much debate. It is thought that 

defective autophagy in aged cells arises partly from altered autophagic signaling and partly 

from poor clearance of autophagosomes by the lysosomal system(377). Experiments have 

suggested that reduced autophagosome formation results from alterations in the signaling 

cascades activating autophagy, rather than defects in components of the autophagy 
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pathway(377). Although many signaling pathways are likely influenced by aging, it is 

thought changes in Insulin Receptor (IR) signaling, caused by  increased oxidative stress, 

may directly impact on autophagy levels in the elderly(378-380). Signaling via the IR 

inhibits autophagy, whereas signaling via glucagon, which occurs during periods of calorie 

restriction or starvation, initiates autophagy(381).  However, aging results in impaired 

glucagon stimulation of autophagy while insulin signaling remains intact, causing an 

overall downregulation of autophagy(382). Furthermore, inactivating or deleting mutations 

in the IR results in increased autophagy levels and improved lifespan of model 

organisms(321). This indicates that insulin signaling negatively regulates the autophagy, 

aging and longevity interaction, and suggests manipulation of the IR as a possible 

mechanism for improving age-related decline in autophagy. 

Recently, sirtuins have been implicated in the autophagy-aging axis(383). Sirtuins are 

NAD
+
 dependent deacetylases and mono-ADP-ribosyl transferases, which regulate a 

variety of cellular processes such as metabolism, stress responses, cellular survival and 

senescence. SIRT1 plays a role in autophagosome formation and regulation of autophagy, 

deacetylating the essential autophagy genes Atg5, Atg7 and Atg8(384) and is involved in 

caloric restriction-mediated increases in lifespan(385), with downregulation of SIRT1 in 

mice resulting in an accelerated aging phenotype and dramatic decrease in lifespan to a 

median of 7 months (normal mouse lifespan is >24 months)(386). Thus, age-associated 

decreases in SIRT1 expression may result in decreased autophagy levels and a 

corresponding increase in age-related maladies. Research has also shown that SIRT1 exerts 

the greatest protective effect at 2.5 to 7.5-fold overexpression(387), and thus it may be that 

aging cells cannot efficiently upregulate SIRT1 in response to stress, and thus also not 

upregulate autophagy.  
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Aging also results in a general decline of ATP production within the cell, due to reductions 

in mitochondrial quality(388). Reduced ATP production may compromise the function of 

the ATP-dependent proton pumps that generate the acidic pH in lysosomes, allowing 

efficient degradation following lysosomal fusion with autophagosomes. This could 

contribute to accelerated buildup of lipofuscin, which in turn could cause impaired capacity 

to fuse and/or to degrade the autophagosomal contents(377). CMA has also been shown to 

decline with age, caused by a progressive decline in LAMP2a. 

Age-related changes in oxidative stress, cell signalling and expression of important 

regulatory proteins all are likely to play a role in reduced autophagy in aging.  As 

mentioned earlier, a decline in expression of essential autophagy genes, possibly caused by 

DNA mutations or other regulatory mechanisms, may also contribute to decreased 

autophagy in the elderly. Decreased autophagy, in turn, results in other deleterious cellular 

and organismal affects, such as impaired immune function. 

6.11 Similarities between phenotypes of aged and Atg7-/- 

macrophages 

Increasing age brings about alterations in function of cells from both the adaptive and 

innate immune systems. Interestingly, many of the age-related changes in macrophages are 

mirrored in autophagy-deficient macrophages, further underscoring the relationship 

between autophagy and aging and suggesting that loss of autophagy contributes to 

accelerated aging in macrophages.  Furthermore, it suggests that many of the functional 

changes in aged macrophages can be related back to reduced levels of autophagy. 

Increased numbers of macrophages is a common feature of aging in both mouse and human 

models(352, 353, 365, 389). Accordingly, macrophages from 107 week old mice were 

significantly increased in the blood and spleen, similar to Vav-Atg7 mice.  However, unlike 
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Vav-Atg7 mice, a decrease in macrophages was observed in the peritoneal cavity. The 

reason for this reduction in the peritoneal cavity, but not in the bone marrow, is unclear. 

Some studies have shown variations in age-related changes in macrophages depending on 

the tissue the macrophages originated from(390), which could be due to the different 

environments present in each tissue.  Potentially the peritoneal cavity represents a higher 

stress environment, relative to the blood and spleen, resulting in a higher level of apoptosis 

in macrophages in that area.  

Both aged and autophagy-deficient macrophages have significantly increased numbers of 

lipid droplets present in the cytoplasm. In addition to degrading organelles and protein 

aggregates, autophagy has been shown to degrade lipid droplets, in a process called 

lipophagy(391). Lipophagy contributes to cellular energy production, and defects in 

lipophagy have been linked to age-related metabolic disorders such as atherosclerosis, fatty 

liver and obesity(392). It is hypothesised that reduced lipophagy with advanced age 

contributes to age-related metabolic syndrome(391). 

Aged and autophagy-deficient macrophages also showed an increased granularity (SS) 

when analysed by flow cytometry. High SS is caused by complexity within the cell, which 

increases scattering of the light.  Macrophages have a generally high side scatter (SS) due 

to their granule and organelle content, and are often identified in flow cytometry based on 

this feature(121). Increased protein content is a common feature of aged cells, due to 

decreased autophagy and proteosomal degradation(393). Thus, accumulation of undegraded 

proteins and organelles in aged and autophagy-deficient macrophages contributes to high 

SS.  Increased lipid droplets and mitochondria can also contribute to increased side 

scatter(370, 394), which are also influenced by autophagy, further linking increased 

granularity in aged macrophages to reduced autophagy. 
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Aged macrophages also frequently have reduced expression of surface marker genes and 

receptors, including MHC II(360, 365) and TLR4(236), which was also seen in autophagy-

deficient macrophages. We have shown that loss of autophagy results in a decrease in 

surface antigen presentation, possibly due to a requirement for autophagy or autophagic 

machinery in MVB or Rab-mediated surface marker expression.  A decline in autophagy 

with age could result in a similar defect, particularly as endocytic transport in general is 

influenced by age(395). Furthermore, as discussed above, SIRT1 is implicated in regulation 

of both aging and autophagy, with decreased SIRT1 expression resulting in reduced 

autophagy. SIRT1 has also been implicated in regulation of MHC II expression by 

deacetylation of Class II transactivator (CIITA), drawing a further link between autophagy, 

aging and MHC II expression(396).   

A significant increase in mitochondrial load and production of mROS was observed in 

autophagy-deficient macrophages, which was reflected in LPS-stimulated aged 

macrophages. Mitochondrial quality is known to decline with age(397), with an associated 

increase in ROS production, a trend which was reflected in macrophages from aged 

macrophages. Interestingly, LPS stimulation caused mitochondrial content to decrease in 

young mice in this experiment, possibly due to LPS-mediated induction of autophagy 

increasing mitochondrial degradation. No changes were observed in aged macrophages 

following stimulation, nor in young macrophages following IFNγ stimulus. In the samples 

that we analysed, we saw a large degree of variation between samples, in both young and 

aged mice, which prevented the trend in unstimulated and IFNγ stimulated macrophages 

from reaching statistical significance.  This could be due to natural variations in autophagy 

levels between individuals, as has been seen previously(361), or individual differences in 

susceptibility to reactive oxygen damage and mitochondrial quality decline. Although 

autophagy levels show a strong trend of decreasing with age, there is nevertheless a degree 
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of individual variation, presumably resulting from genetic differences between individuals. 

Even in inbred Vav-Atg7 mice, we see a considerable variation between onset of symptoms 

and death of between 5 and 12 weeks, with a minority of Vav-Atg7
-/-

 mice remaining 

almost symptom free until euthanasia at 9 -12 weeks.  In order to confirm whether the trend 

was statistically significant, the experiment would need to be repeated on larger numbers. It 

would also be of interest to correlate levels of autophagy with ROS generation and 

mitochondrial load/quality from individual mice. 

Similarly to autophagy-deficient macrophages, aged macrophages experience a decline in 

NO production following stimulation(355, 398), possibly due to impaired expression of 

iNOS mRNA or protein. Furthermore, phagocytosis has been shown to be impaired in aged 

macrophages in a variety of settings in aged mice and in elderly individuals(356, 399-401). 

The age-related impairment is hypothesised to be related to decreases in scavenger and 

adhesion receptor expression and to changes in membrane motility and fluidity, both of 

which are reflected in the reduced phagocytic capacity of autophagy-deficient 

macrophages. As autophagy is reduced, not abolished, in aged macrophages, treating aged 

macrophages with rapamycin or subjecting them to controlled starvation in order to induce 

autophagy, may result in improved phagocytic capacity and therefore a more efficient 

macrophage response to bacterial infections. 

Increased expression of inflammatory cytokines, such as seen in autophagy-deficient 

macrophages, is also regularly associated with aging, with many age-associated diseases 

occurring with a significant, low-level inflammatory background, termed 

‘inflammaging’(402). Elevated levels of inflammatory cytokines such as IL-6, TNF-α and 

IL-1β are found in the serum and tissues of the elderly, produced by inflammatory 

macrophages(357, 358). Increased inflammation in aged macrophages is thought to be due 

to increased activation of the inflammasome(403), and increased signalling through TLRs 
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by ROS and DAMPs(404, 405). As discussed in chapter 4, loss or reduction in autophagy is 

also implicated in the activation of the inflammasome through several mechanisms(186, 

187), though inflammasome-independent activation of inflammatory cytokine production 

has also been observed(188).  Furthermore, the aging and autophagy-regulating protein 

SIRT1 has been implicated in controlling inflammatory cytokine production in 

macrophages(406). SIRT1 knockdown in peritoneal macrophages results in increased 

activation of the JNK and IKK inflammatory pathways and enhances LPS-stimulated 

TNF-α production. Furthermore, SIRT1 activators were able to reduce LPS-associated 

inflammation by macrophages and, in an animal model, reduce the inflammation associated 

with obesity(406), potentially explaining how SIRT1 overexpression is able to increase life- 

and healthspan in model organisms. Given the links between reduced autophagy and 

increased inflammatory cytokine production, it seems highly likely that increased 

inflammatory signalling and inflammasome activation associated with aging is also related, 

at least in part, to age-associated reductions in autophagy and corresponding increases in 

damaged mitochondria and ROS(403, 407). 

As discussed in chapter 5, loss of autophagy in macrophages results in a significant 

upregulation of glycolytic ATP production, with a corresponding decrease in OxPhos. 

Chronic glycolysis has also been associated with aging-related damage, and it is 

hypothesised that one of the mechanisms behind the benefits of caloric restriction in 

increasing lifespan is reduced glycolysis(408). Some glycolytic intermediates can cause 

glycation of intracellular components, resulting in advanced glycosylation end-products 

(AGEs) that are implicated in age-related pathologies, such as diabetes and Alzheimer’s 

disease(409-411). Thus, increased glycolysis, such as seen in autophagy-deficient cells, can 

contribute to age-associated damage by producing reactive intermediates, which normally 

induce autophagy.  Potentially, stimulation of autophagy in aged macrophages may be able 
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to reduce chronic glycolysis, thereby preventing build-up of deleterious glycolytic 

intermediates and reducing age-related damage. 

Loss of autophagy in macrophages mimics many of the age-related changes in macrophage 

function, as summarised in the table below, which strongly suggests that reduced autophagy 

levels with aging contribute to such functional changes and the development of 

inflammaging.  However, autophagy in aged macrophages is reduced, not abolished, and 

autophagy levels and aging symptoms vary greatly between individuals.  It is difficult to 

determine what, if any, ‘level’ of autophagy is required to be protective, and whether it is 

basal or inducible autophagy that is most important.  Some studies have shown that 

initiation of caloric restriction during late middle age has a beneficial outcome on 

lifespan(412, 413), and reduced caloric intake even among the elderly improves memory 

function(414). This suggests that increased autophagy at any time can improve aging 

outcomes, though there is little research on whether benefits continue after cessation of a 

calorie restricted diet.  Although there are many reports of declining immune function and 

increased inflammatory cytokine production with aging, some of which were discussed 

above, there is much variation in the literature regarding immune responses in the elderly.  

In some studies no changes in cell number or function are found with aging(415, 416), and 

there are several studies that show a decrease in macrophage secretion of inflammatory 

cytokines with aging(236, 359, 417). Although there are multiple possibilities for such 

differences in outcomes, from different types of macrophages, different experimental 

setups, antibody markers and the problems selecting ‘healthy’ aged people, it is possible 

that individual autophagy levels also influence immune response preservation in the 

elderly.  As mentioned previously, autophagy levels vary dramatically in both aged and 

young mice and humans(361).  It would be very interesting to investigate whether elderly 

people with (relatively) high functioning immune systems and low inflammation correlate 
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with high levels of autophagy, and conversely whether increased inflammatory background 

and circulating inflammatory cells is related to lower than average levels of autophagy. 

Investigating genetic links to high basal autophagy levels and healthy immune aging could 

also provide information on a potential link.  This would provide further clarification of the 

role of autophagy in immunosenescence and inflammaging, and possibly shed light on why 

there are such great differences in immune parameters amongst the elderly. 

Aged macrophages Macrophage Function Atg7
-/-

 macrophages 

                          

(decreased in 

peritoneum) 

Increased numbers of 

macrophages 
 

                              

(after LPS stimulation) 

Increased mitochondria and 

mROS 
 

 Decreased phagocytosis  

 Decreased NO  

 
Reduced surface marker 

expression 
 

 Reduced antigen presentation  

 
Increased inflammatory 

cytokine production 
 

 Metabolism alterations  

Table: 6.2: Similarities between aged and autophagy-deficient macrophages.  Loss of autophagy in 

macrophages results in a similar range of phenotypic changes, as are commonly seen in aged macrophages.  

As aged macrophages also show significant decreases in autophagy, this suggests that loss of autophagy may 

accelerate aging in macrophages and cause or contribute to many of the phenotypic changes associated with 

aged macrophages. 
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6.12 Conclusions 

Aging results in a decline in function of both the adaptive and innate immune systems, 

often accompanied by chronic low-level inflammation.  Autophagy levels also decline with 

age, and loss of autophagy in macrophages results in a similar phenotype of increased 

inflammation, altered metabolism and decreased innate functions, to that of aged 

macrophages.  Together, these data suggest a link between autophagy and aging of the 

immune system and immune cells, whereby declining autophagy rates cause increased 

oxidative stress and accumulation of damaged organelles and proteins, which together alter 

function and promote inflammation.  Caloric restriction may therefore improve lifespan, 

partly due to its autophagy-enhancing effects reducing inflammation and improving 

immune function, thereby providing better protection from infection and other age-related 

conditions. 
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7.1 Normal Neutrophil Development 

Neutrophil differentiation is orchestrated by the sequential activation of specific gene 

expression patterns and regulatory factors, which together induce transcription of 

characteristic lineage markers. The interaction between the key neutrophil transcription 

factors and their relative expression levels during crucial developmental stages are key 

parameters in the establishment of cellular fate(418). Maturation of haematopoietic 

precursors into neutrophils requires two essential processes: reduction in self-renewal 

potential, and acquisition of a specific lineage identity.  During granulopoiesis, HSCs give 

rise to common myeloid progenitors (CMP) and then to granulocyte/macrophage 

progenitors (GMPs), characterised by expression of CD34 and Fc Receptor II/III(419). 

GMPs then give rise to granulocyte-, monocyte-, and granulocyte/monocyte-forming units 

(CFU-G, CFU-M and CFU-GM), of which CFU-Gs can give rise to mature neutrophils in 

response to signalling via G-CSF and other factors. Neutrophil maturation then proceeds 

through six stages: myeloblasts to promyelocytes to myelocytes to metamyelocytes, band 

cells and, finally, to mature neutrophils, characterised by their three-lobed nuclei and the 

presence of tertiary granules(420).  

Myeloid differentiation is orchestrated by relatively few transcription factors, including 

PU.1, CCAAT/enhancer binding proteins (C/EBPα, C/EBPβ and C/EBPε),  and growth-

factor independent 1 (GFI-1)(421-425). Many myeloid genes are regulated by these 

transcriptions, such as those that encode G-CSF and GM-CSF, as well as granule 

components such as lactoferrin and neutrophil gelatinase (NGAL)(426). Additionally, 

transcription of genes normally expressed in other lineages is frequently actively 

suppressed. This balance of activation of neutrophil-specific genes and repression of other 

lineage genes orchestrates overall neutrophil maturation. C/EBPα activation is required for 

GMP production from CMPs, with GMPs and all subsequent lineages absent from C/EBPα-
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deficient mice(422). C/EBPα also regulates exit from the cell cycle(427), resulting in the 

inhibition of further proliferation from the myelocyte stage onward(420). Following the 

GMP stage, two further transcription factors orchestrate final neutrophil differentiation, 

GFI-1 and C/EBPε.  GFI-1 is a transcriptional repressor that regulates repression of 

macrophage lineage gene expression, thereby promoting terminal neutrophilic 

differentiation. In mice lacking expression of GFI-1, neutrophilic differentiation is blocked 

beyond the promyelocyte stage(425). C/EBPɛ is required for transcription of granule 

proteins at the myelocyte stage and beyond, with C/EBPε deficient mice developing 

myelodysplasia, characterized by proliferation of atypical granulocytes that lack secondary 

and subsequent granules(424).  

Granules begin to appear from the promyelocyte stage and production continues until the 

segmented stage of maturation is reached. Neutrophil granules are classified into three 

subsets based on characteristic granule proteins: primary granules (myeloperoxidase 

[MPO]), secondary/specific granules (lactoferrin), and tertiary granules (gelatinase). Each 

subset is formed sequentially during differentiation, at the promyelocyte stage (primary), 

the myelocyte-metamyelocyte stage (secondary), and the band cell stage (tertiary)(428). 

The different subsets not only reflect the differences in granule content, but also in their 

mobilization, with the granules formed last the first ones to be released(428). A fourth type 

of granule, termed the secretory vesicles, contains membrane proteins wrapped around a 

matrix of plasma proteins(429) and is formed by endocytosis during late maturation(430). 

Stages of neutrophil development with associated transcriptional changes and granule 

formation are summarised in figure 7.1 below. 
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Figure 7.1: Features of neutrophil development.  Neutrophil development is regulated by sequential 

expression of transcription factors C/EBPα, C/EBPε and GFI-1. Granules become visible in the cytoplasm 

from the myeloblast stage, and granule formation continues until the mature, segmented neutrophil stage. 

NRAMP1 is natural resistance-associated macrophage protein 1. FPR is formyl peptide receptor. Adapted 

from Refs (431) and (432). 

7.2 Autophagy in non-transformed neutrophil development 

This chapter explores a novel role for autophagy in the development of normal, non-

transformed neutrophils from bone marrow. Bone marrow neutrophils from Atg7
-/-

 mice 

have features consistent with immaturity, including reduced nuclear lobularity and changes 

in granule expression.  Furthermore, treatment with stimuli that normally induce maturation 

cannot overcome the maturational block and restore mature neutrophil morphology.  This 

suggests a vital role for autophagy in the acquisition of normal neutrophil nuclear 

morphology and granule formation.  
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7.3 Increased neutrophils in Vav-Atg7 mice 

Neutrophils are short lived cells, with estimated half-lives of between 1.5 and 12.5 

hours(433) under basal conditions and increasing several-fold during inflammatory 

responses(434). The number of neutrophils present in blood and tissue varies according to 

immune activation state, age(435, 436), sex(437), mouse strain(438, 439), and sampling 

method and location(440). As such, quantitative reporting of ‘normal’ numbers of 

neutrophils in blood or other tissues is difficult.  Several conditions result in a relative or 

absolute increase in neutrophil counts, including myeloid leukaemia(441), MDS(442) and 

acute or chronic inflammation or infection.  Loss of Atg7 in the hematopoietic system 

results in severe anaemia and lymphopenia, with significant myeloid infiltration into many 

organs, including the lungs, liver, stomach and spleen(57).  To assess neutrophil numbers 

from Vav-Atg7 mice, blood, spleen, bone marrow and peritoneal wash samples were 

collected and analysed by flow cytometry. Neutrophils were identified using the neutrophil 

specific markers Ly6g or Gr1(443) and the pan-myeloid marker CD11b.  Significantly 

increased numbers of neutrophils were found in each analysed tissue of Vav-Atg7 mice 

(figure 7.2), particularly in the bone marrow, in which close to 80% of cells were Ly6g
+
 

CD11b
+
.  



Chapter 7 – Atg7 has a role in neutrophil maturation 

Page | 203  

 

 

Figure 7.2: Increased proportions of Ly6g
+
 CD11b

+
 neutrophils in the peritoneal cavity, bone marrow and 

blood of 8 week old mice.  Data shows mean percentages of Ly6g
+
 CD11b

+
 cells of a single cell suspension 

following red blood cell lysis.  Error bars represent SEM, n = 4.  **p<0.01, ***p<0.001. 

Atg7 excision was confirmed in sorted Ly6g
+
 CD11b

+
 neutrophils using qPCR analysis of 

Atg7 gene expression, and found to be decreased by over 80% in neutrophils from Vav-

Atg7 bone marrow, indicating that Atg7 is efficiently excised (figure 7.3). 

 

Figure 7.3: Significantly decreased Atg7 mRNA expression in Ly6g+ CD11b+ neutrophils sorted from bone 

marrow. Values determined using the ΔΔCT method, normalised to GAPDH and compared to wild Ly6g+ 

CD11b+ neutrophils.  Error bars represent standard deviation of 3 experiments, **p<0.01. 
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7.4 Atg7-/- neutrophils show altered expression of common 

surface markers 

Ly6g is expressed exclusively on neutrophils(443), and is thought to play a role in 

neutrophil recruitment to sites of inflammation(444).  Expression increases with neutrophil 

maturation, with highest levels found on end stage neutrophils, whereas Ly6g
low

 cells are 

generally immature myeloid cells or myelocytes(445).  CD11b (also known as 

Macrophage-1 antigen) functions as both an integrin(446), and  a membrane  receptor 

capable of recognising various ligands, such as the cleaved complement fragment 

iC3b(447).  CD11b is surface expressed, with cytoplasmic granule stores for rapid 

mobilisation following stimulation. Hence, up-regulation of CD11b expression is an 

indicator of neutrophil activation.   Bone marrow neutrophils were stained with both Ly6g 

and CD11b in order to assess their development and activation state and to determine 

whether loss of Atg7
-/-

 altered neutrophil development.  Wildtype neutrophils appeared as a 

distinct CD11b
+
 Gr1

+
 population that was clearly separate from the Ly6g

low/negative 

population (figure 7.4). Many Atg7
-/-

 neutrophils also expressed high levels of both Ly6g 

and CD11b, however there existed a spectrum of Ly6g expression that was difficult to gate 

from the Ly6g
low/negative

 cells.  CD11b expression was similarly distinct in both populations, 

with a clear CD11b
+
 and CD11b

neg 
 population in wildtype and Atg7

-/-
 cells (figure 7.4, 

bottom left panel).  Histograms of Ly6g expression show the distinct neutrophil population 

visible in wildtype bone marrow (figure 7.4, bottom right panel), whereas Atg7
-/-

 bone 

marrow gives rise to a much broader Ly6g peak, with no clear positive population.  
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Figure 7.4: Ly6g
+ 

CD11b
+ 

neutrophil populations from bone marrow.  Bone marrow neutrophils were 

harvested and stained for flow cytometry analysis using the neutrophil surface marker Ly6g and the pan-

myeloid marker CD11b.  Representative histograms of wildtype (left) and Atg7
-/-

 (right) neutrophils extracted 

ex vivo from bone marrow.  Histograms representative of >20 experiments.  

Neutrophils also express other surface receptors, vital for pathogen recognition and 

response to inflammatory environments.  The neutrophil Fcγ (II/III) receptor (CD16/CD32) 

plays several roles in neutrophil function, including phagocytosis, degranulation, and 

triggering of transcriptional activation of inflammatory cytokine genes(448). CD16 

typically appears late in neutrophil development(449), reaching maximum expression at the 

segmented nucleus stage. CD32 appears early in development, but expression peaks at 

maturity. Fc receptor expression was investigated on neutrophils using flow cytometry.  

Unexpectedly, given the lower levels of Ly6g expression, Fc receptor expression using an 

antibody that recognises CD16 and CD32 was found to be significantly higher, in 

neutrophils from the bone marrow, blood and spleen (figure 7.5).  
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Figure 7.5: Increased expression of Fcγ Receptor on Atg7
-/-

 neutrophils.  Top panels: Overlaid histograms of 

Fc Receptor expression on Ly6g
+
 CD11b

+
 neutrophils.  Lightest grey line shows isotype control staining. 

Bottom graph: Statistical analysis of expression based on mean MFI, error bars represent SEM, n = 4. 

**p<0.01, ***p<0.001, un-paired t-test. 

CXCR4 regulates neutrophil trafficking from the bone marrow into the periphery through 

its interaction with the chemokine CXCL12(450). Dysregulated signalling through CXCR4, 

is associated with metastasis in several cancers(451, 452) and with neutrophilia in the 

periphery(453). Furthermore, increased expression is an adverse prognostic factor in 

myeloid dysplastic syndrome(454) and acute myeloid leukaemia(455). As neutrophil 

numbers are increased in this mouse model, expression of CXCR4 on neutrophils was 

assessed.  Atg7
-/-

 bone marrow neutrophils were found to express significantly higher levels 

of CXCR4 than wildtype neutrophils, expressing close to 50% more as assessed by relative 

mean fluorescence intervals of staining (figure 7.6).  
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Figure 7.6: Increased expression of the chemokine receptor CXCR4 on Atg7
-/-

 neutrophils.  Bone marrow 

neutrophils were isolated from the bone marrow and cultured overnight in the presence of LPS (1 µg/ml). 

Statistical analysis of expression based on mean MFI, error bars represent SEM, n = 4. *p<0.05, un-paired t-

test. 

Neutrophil activation results in up-regulation of adhesion molecules required for adhesion 

to the vascular wall and extravasation into tissues at the site of infection or inflammation. 

L-selectin (CD62L) is one such adhesion molecule, which plays a role in ‘tethering’ of 

neutrophils as they roll along the vascular surface and in the subsequent arrest of movement 

following activation.  Stimulation results in receptor ‘shedding’(456), indicating neutrophil 

activation.  CD62L expression was significantly higher on Atg7
-/-

 neutrophils, though 

expression was low overall (figure 7.7).  Overnight stimulation in LPS resulted in a small, 

but insignificant decrease in L-selectin expression on both wildtype and Atg7
-/-

 neutrophils. 

Higher L-selectin expression in Atg7
-/-

 neutrophils may be an indication of reduced 

activation/maturation or problems with receptor shedding.  
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Figure 7.7: Higher L-selectin (CD62L) expression on Atg7
-/-

 neutrophils.  Bone marrow neutrophils were 

isolated from the bone marrow and cultured overnight in the presence of LPS (1 µg/ml). Statistical analysis of 

expression based on mean MFI, error bars represent SEM, n = 4. *p<0.05,**p<0.01, un-paired t-test. 

7.5 Atg7-/- neutrophils have features consistent with 

immaturity 

Mature neutrophils can be identified by their morphological features, particularly their 

characteristic multi-lobed (usually ≥ 3) nuclei and the presence of cytoplasmic granules. 

These features can be viewed by light microscopy, but electron microscopy provides 

greater detail.  Cells expressing the mature neutrophil markers Gr1 and CD11b were sorted 

by flow cytometry and the resultant population analysed by transmission electron 

microscopy.  Despite expression of mature surface markers, Atg7
-/-

 neutrophils showed a 

number of features consistent with immaturity. The micrographs showed differences in 

nuclear characteristics, with many Atg7
-/-

 neutrophils exhibiting non-lobed or bi-lobed 

nuclei, rather than the multi-lobed nuclei present in the majority of wildtype neutrophils 

(figure 7.8, top panel). 57% of Atg7
-/-

 neutrophils showed no visible nuclear segmentation, 

compared with 8% of wildtype neutrophils (figure 7.8, bottom panel). The majority of 

Atg7
-/-

 neutrophils had morphological appearance closer to that of neutrophil bands, 

precursors to mature neutrophils. Furthermore, less than 5% of Atg7 deficient neutrophils 
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had nuclei with mature morphology, whereas > 60% of wildtype neutrophils had mature 

morphology.  

 

 

Figure 7.8: Atg7
-/-

 neutrophils show reduced nuclear lobularity compared with wildtype neutrophils.  

CD11b
+ 

Gr1
+
 cells were sorted from bone marrow pooled from 4 mice by flow cytometry and fixed for 

analysis by electron microscopy.  Top:  Representative micrographs from wildtype (left) and Atg7
-/-

 (right) 

neutrophils, showing reduced segmentation in Atg7
-/-

 neutrophils.  Bottom:  Comparison of visible nuclear 

segments from 50 neutrophils from each sample.  Un-paired t-test. Grateful acknowledgments to Professor 

David Fergusson for acquiring the TEM images. 

In addition to altered neutrophil morphology, the electron micrographs revealed alterations 

in the number, size and nature of the granules present in the cytoplasm (figure 7.9, top 

panel).  Atg7
-/-

 neutrophils (right) contained half the granules of wildtype neutrophils 

(figure 7.9, bottom graph), and their granules were smaller and less electron dense.  
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Furthermore, Atg7
-/-

 neutrophil granules were unevenly distributed, often clustered together 

in one part of the cell, whereas wildtype granules were more evenly distributed.   

 

 

Figure 7.9: Atg7
-/-

 neutrophils have fewer cytoplasmic granules compared with wildtype neutrophils.  

CD11b
+ 

Gr1
+
 cells were sorted from bone marrow pooled from 4 mice by flow cytometry and fixed for 

analysis by electron microscopy.  Top:  Representative micrographs from wildtype (left) and Atg7
-/-

 (right) 

neutrophils, showing reduced granule number in Atg7
-/-

 neutrophils.  Bottom:  Comparison of enumerated 

granules from 50 neutrophils from each sample.  Un-paired t-test. Grateful acknowledgments to Professor 

David Fergusson for acquiring the TEM images. 

In order to more quantitatively assess the distribution of immature subsets according to 

nuclear morphology, bone marrow neutrophils were analysed using an imaging flow 

cytometer to categorise them based on number of nuclear lobules.  Neutrophils were 

divided into 5 categories: bands (bean-shaped nuclei, no lobules), doughnuts (circular 

nuclei with a central hole, little lobulation), 2 lobes, 3 lobes and 4 or more lobes, using a 
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specially designed wizard.  The results showed a significant skewing toward immature cells 

in Atg7
-/-

 samples (figure 7.10), with higher numbers of doughnut and 2 lobed nuclei, and a 

slightly higher (though insignificant) increase in band-shaped nuclei. Wildtype neutrophils, 

on the other hand, were skewed toward 3 and 4 lobed nuclei, with fewer immature 

neutrophils present. 

 

Figure 7.10: Increased numbers of immature neutrophils in Atg7
-/-

 bone marrow samples. Bone marrow was 

stained with the neutrophil specific marker Ly6g and the pan-myeloid marker CD11b and categorised 

according to nuclear segmentation based on Draq5 staining.  Dead cells were excluded from analysis using a 

live/dead stain.  Data shows % of total cells in each category, error bars represent SEM, n = 4. *p<0.05, 

**p<0.01, ***p<0.001, ns = not significant, un-paired t-test. Grateful acknowledgments to Dr Sharon 

Sanderson for helping to run the samples and designing and analysing the assay.  

Neutrophil differentiation and proliferation are controlled by the growth factors G-CSF and 

GM-CSF, secreted by stromal and other cells within the bone marrow and hematopoietic 

tissues(457), though knockout studies have demonstrated that other factors are also 

involved(458). Nevertheless, alterations in expression of these cytokine receptors may 

contribute to maturational changes.  However, when levels of GM-CSFR and G-CSFR 

were assessed on neutrophils from the bone marrow or spleen, similar expression was 

observed to wildtype neutrophils (figure 7.11), suggests that alternations in neutrophil 

numbers and maturational status are not due to changes in cytokine receptor levels.  
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Figure 7.11: Levels of growth factor receptors GM-CSFR and G-CSFR are unaltered on Atg7
-/-

 neutrophils.  

Spleen (left) and bone marrow (right) neutrophils were stained with the neutrophil markers Ly6g and CD11b 

and antibodies against the receptors for GM-CSF and G-CSF.  Data shown is average MFI, error bars 

represent SEM, n = 5.  No significant differences were detected using the un-paired t-test. 

Neutrophil granules can be grouped into primary, secondary and tertiary granules, each 

with different components and appearing at different stages of neutrophil development.  

Due to the differences in granules observed in Atg7
-/-

 neutrophils, granule contents were 

investigated using several different assays.  Degranulation of primary granules was 

assessed using a colorimetric assay in which total and exocytosed MPO is determined using 

3,3’,5,5’-tetramethlybenzidine (TMB) as a substrate(459). Released MPO was assessed by 

TMB reaction with the supernatant of unstimulated or LPS stimulated bone marrow 

neutrophils, and total cellular MPO content was assessed using cell lysates.  As no samples 

of known MPO concentration were available, MPO release was determined in Atg7
-/- 

neutrophils relative to wildtype by comparing absorbance at 405 nm. Surprisingly, Atg7
-/-

 

neutrophils extracted from bone marrow released significantly higher amounts of MPO 

than wildtype neutrophils (figure 7.12), though LPS stimulation had no apparent effect on 

neutrophil degranulation. However, total MPO content in Atg7
-/- 

neutrophils was similar to 

released MPO, suggesting that upon degranulation Atg7
-/-

 neutrophils released their entire 

internal stores of MPO.  Total MPO content in wildtype neutrophils, on the other hand, was 
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significantly higher than degranulated MPO, suggesting that they retain intracellular MPO 

stores following degranulation, or that fewer wildtype neutrophils had degranulated at the 

time of the assay. Total cellular MPO content was comparable between wildtype and Atg7
-/- 

bone marrow neutrophils. 

 

Figure 7.12: Increased MPO release in Atg7
-/- 

neutrophils from bone marrow neutrophils.  Degranulated and 

total MPO was assessed by reaction with the substrate TMB.  MPO content and release was assessed from 

unstimulated neutrophils and neutrophils stimulated overnight with LPS (1µg/ml). Relative MPO levels were 

determined by comparison of absorbance 405 nm in triplicate.  Error bars represent SEM, n = 3.  **p<0.01, 

un-paired t-test. 

Intracellular flow cytometry was used to assess the content of secondary granules, by 

staining for lactoferrin and NGAL.  Intriguingly, higher levels of staining were observed 

for both lactoferrin and NGAL in Atg7
-/-

 neutrophils (figure 7.13), which could suggest 

increased intracellular stores of these secondary granule proteins.  

As neutrophils differentiate, they express a series of genes that regulate development, and 

activate proteins required for granule development and maturation.  For example, 

suppressor of cytokine signaling-3 (SOCS3) is a negative regulator of granulopoiesis and 

G-CSF signalling in neutrophils, and may contribute to changes in neutrophil 

numbers(460). 
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Figure 7.13: Higher expression of secondary granule proteins neutrophil gelatinase (NGAL) and Lactoferrin.  

Bone marrow was stained for neutrophil surface markers Ly6g and CD11b, and then fixed and permeabilised 

to allow staining of NGAL and lactoferrin.  Overlaid histograms of Lactoferrin and NGAL staining, leftmost 

open histogram is isotype control. Graph shows mean MFI of granule staining, error bars represent SEM, n 

= 5.  **p<0.01, ***p<0.001, un-paired t-test. 

C/EBPε is a transcription factor involved in myeloid differentiation and granule 

maturation(461). MPO, lactoferrin (Ltf) and Matrix metalloproteinase-9 (MMP-9) are 

proteins found in primary, secondary and tertiary granules, respectively. Expression of 

these developmental genes was assessed by qPCR analysis of Ly6g
+
 MACS sorted 

neutrophils from bone marrow (figure 7.14). Levels of SOCS3, C/EBPε and MMP9 were 

all significantly decreased in Atg7
-/-

 neutrophils, whereas the primary and secondary 

granule protein genes MPO and Ltf were significantly upregulated, suggesting that 

proliferation and granule maturation may be altered in Atg7
-/-

 neutrophils. Levels of Nrf2, 

the antioxidant pathway regulator, and HIF-1α, which regulated the hypoxia adaptation 

response, were also assessed and found to be significantly increased in Atg7
-/-

 neutrophils. 
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Figure 7.14: Atg7
-/-

 neutrophils show altered expression of developmental and inflammation genes. RNA was 

extracted from Ly6g+ BM using Trizol reagent. Values were determined using the ΔΔCT method, normalised 

to GAPDH and compared to wildtype macrophages cultured under the same conditions.  Wildtype gene 

expression is represented by the dotted line on the graph at a relative expression of 1. Error bars represent 

standard deviation of 3 replicates, *p<0.05, **p<0.01, un-paired t-test. 

7.6 Stimulation cannot overcome the maturation defect 

Neutrophil maturation is modulated by growth factors such as G-CSF and GM-CSF, and 

immune stimuli such as bacterial products or cytokines, all of which activate transcription 

pathways and signalling leading to maturation(457).  All-trans retinoic acid (ATRA) is a 

form of vitamin A used to force neutrophil maturation in the treatment of acute 

promyelocytic leukaemia (APL)(462), a process modulated by autophagy(463).  Wildtype 

and Atg7
-/-

 bone marrow samples were treated overnight with maturational stimuli and then 

analysed by flow cytometry and light microscopy. Treatment with LPS, TNF-α, G-CSF, 

GM-CSF and ATRA resulted in up-regulation of Ly6g and CD11b expression in wildtype 

cells, producing a distinct Ly6g
+
 CD11b

+
 population that was clearly distinguishable from 

Ly6g
neg

 cells (figure 7.15).  However, no stimulant was able to produce a distinct 

population of mature Ly6g
+
 neutrophils that was clearly distinguishable from negative 

cells, suggesting that many Atg7
-/-

 neutrophils could not mature further in response to 

maturational stimuli. 
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Figure 7.15: Addition of exogenous growth factors, cytokines or maturational drugs does not give rise to a 

distinct population of Ly6g
+ 

CD11b
+ 

neutrophils. Bone marrow neutrophils were cultured overnight in R10 

supplemented with TNF-α (1 µg/ml), LPS (1 µg/ml), G-CSF (40 ng/ml), GM-CSF (40 ng/ml) or ATRA (1µM). 

Cells were harvested and stained for the neutrophil surface markers Ly6g and CD11b and analysed by flow 

cytometry.  Representative plots of wildtype and Atg7
-/-

 neutrophils treated with the stimuli shown. 
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Neutrophils treated overnight with G-CSF or GM-CSF were also analysed by light 

microscopy to determine whether treatment induced mature nuclear morphology in Atg7
-/-

 

neutrophils.  Samples from treated samples were cytospun onto glass slides and stained to 

highlight their morphological features and enable easy identification of neutrophils. With 

the staining kit used (QuickDiff), neutrophil nuclei stain dark blue and the cytoplasm stains 

a very light pink-purple.  Neutrophils were present in high numbers in both wildtype and 

Atg7
-/-

 bone marrow samples, with Atg7
-/-

 neutrophils showing some nuclear abnormalities.  

Wildtype nuclei stained dark blue and showed clear evidence of complex, lobular nuclei, 

whereas Atg7
-/-

 nuclei stained a lighter blue-purple colour, and had little evidence of 

lobularity; rather the nuclei were rounded and doughnut shaped (figure 7.16). Furthermore, 

Atg7
-/-

 neutrophils had a lower nuclei:cytoplasmic ratio, and the cytoplasm stained a light 

purple colour, rather than the very light pink seen in the wildtype cultures.  

 

Figure 7.16: Light microscopy reveals changes in nuclei and cytoplasm of Atg7
-/-

 neutrophils. Bone marrow 

samples were cultured in R10 overnight, spun onto slides and stained with QuikDiff differential stain. Slides 

were visualised using a 100x oil inversion lens, with images taken of >20 neutrophils from each culture.  

Representative images from 4 samples shown. 

10 µM 
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Overnight stimulation with G-CSF, the growth factor primarily involved in neutrophil 

differentiation and proliferation(464), resulted in a significant increase in the numbers of 

neutrophils in wildtype bone marrow cultures, but very little morphological change in 

wildtype neutrophils (figure 7.17). G-CSF treatment did not appear to greatly increase 

neutrophil numbers in Atg7
-/-

 bone marrow, though this was difficult to distinguish due to 

significant changes in the staining and morphology of Atg7
-/-

 neutrophils. Following 

overnight incubation with G-CSF, Atg7
-/-

 neutrophils increased in size, with a concomitant 

increase in nuclear volume, though not lobularity.  Furthermore, there was a reversal in 

staining pattern, with the cytoplasm staining darker than the nucleus, which stained a light 

purple.  Vacuoles also appeared in the cytoplasm of many Atg7
-/-

, but not wildtype, 

neutrophils following G-CSF treatment.  

 

Figure 7.17: Overnight treatment with G-CSF results in morphological changes in Atg7
-/-

 neutrophils, but 

does not increase maturity. Bone marrow samples were cultured in R10 + G-CSF (40 ng/ml) overnight, spun 

onto slides and stained with QuikDiff differential stain. Slides were visualised using a 100x oil inversion lens, 

with images taken of >20 neutrophils from each culture.  Representative images from 4 samples shown. 

Overnight treatment with GM-CSF also resulted in increased numbers of mature 

neutrophils in wildtype cultures, and appeared to cause an overall increase in cell size and 

cytoplasmic volume, as well as producing further nuclear complexity (figure 7.18). 
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Following treatment with GM-CSF, the cytoplasm in wildtype nuclei also stained lighter, 

such that it could hardly be seen following staining.  GM-CSF treatment did not result in 

the production of mature neutrophils in Atg7
-/-

 cultures, nor was there an apparent increase 

in neutrophil numbers.  As with G-CSF stimulation, neutrophils were harder to identify 

than in unstimulated cultures due to morphological and staining changes. Neutrophil-like 

cells increased in size, and there was nuclear swelling, as in G-CSF stimulation.  Large and 

numerous vacuoles were present in many bone marrow cells from Atg7
-/-

 GM-CSF treated 

cultures, particularly in neutrophils and macrophage like cells, and the cytoplasm stained 

much darker than in wildtype cells. There were also many cells that appeared to have 

intermediate morphology between neutrophils and macrophages, which were not clearly 

identifiable as either cell type.  There were, however, a small number (less than 10 counted) 

of more normal (though immature) staining neutrophils in Atg7
-/-

 cultures, as shown in the 

top left image of the Atg7
-/-

 panel below. 

 

Figure 7.18: Overnight treatment with GM-CSF results in morphological changes in nuclei and cytoplasm of 

Atg7
-/-

 neutrophils, but does not increase maturity. Bone marrow samples were cultured in R10 + GM-CSF 

(40 ng/ml) overnight, spun onto slides and stained with QuikDiff differential stain. Slides were visualised 

using a 100x oil inversion lens, with images taken of >20 neutrophils from each culture.  Representative 

images from 4 samples shown.  
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7.7 Loss of Atg7 results in reduced innate functions of 

neutrophils 

Neutrophils play a vital role in the innate host defence by direct phagocytosis of pathogens, 

release of inflammatory and cytotoxic mediators such as reactive oxygen and nitrogen 

species and production of neutrophil extracellular traps (NETs).  Phagocytosis is one of the 

most fundamental neutrophil processes, defects of which can lead to serious 

immunodeficiency, typically due to increased dissemination of infection(465, 466). 

Phagocytic capacity was assessed in neutrophils by observing the ability to take up 

fluorescent latex beads in the presence or absence of LPS. No difference in phagocytic 

capacity was observed in unstimulated bone marrow neutrophils (figure 7.19), and addition 

of LPS concurrently with the beads increased the percentage of bead positive neutrophils in 

both cultures.  However, the number of bead positive neutrophils following LPS 

stimulation was significantly lower in Atg7
-/-

 neutrophils than in wildtype neutrophils, 

 

Figure 7.19:  Decreased phagocytic capacity of Atg7
-/-

 bone marrow neutrophils in the presence or absence 

of LPS.  FITC labelled latex beads were cultured for 3 hours with neutrophils with or without LPS (1 µg/ml), 

and analysed by flow cytometry. Surface associated bead fluorescence was quenched with trypan blue. Error 

bars represent SEM (n = 4), **p<0.01, ***p<0.001,  unpaired t-test. 
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where almost 80% of neutrophils contained fluorescent beads compared with 50% of 

autophagy-deficient neutrophils, indicating significantly reduced phagocytic capacity, and 

potentially reduced ability to respond to pathogens.  

Immature neutrophil-like cells expressing Ly6g and CD11b could also indicate the 

presence of myeloid derived suppressor cells (MDSCs), which are characterised by 

inducible nitric oxide synthase (iNOS) and high arginase expression(467).  They are 

frequently found in cancers(468), autoimmune conditions(469), and chronic 

infections(470), where their main characteristic is a potent ability to suppress T-cell 

responses(471). As MDSCs express similar surface markers to mature neutrophils, their 

identification can be challenging, and they are usually classified according to their 

suppressive capacity or production of suppressive mediators such as iNOS or arginase.  To 

determine whether the immature neutrophil-like cells found in Atg7
-/-

 mice were MDSCs, 

intracellular expression of iNOS in Ly6g
+
 CD11b

+
 cells was determined by flow cytometry. 

Although a subset of Atg7
-/-

 neutrophils were indeed positive for iNOS expression (figure 

7.20), it was a much smaller percentage than that present in wildtype bone marrow, with 

less than 2% of Atg7
-/- 

neutrophils staining positive for iNOS, compared with just over 5% 

of wildtype neutrophils. This suggests that the Ly6g
+
 CD11b

+
 population investigated is 

unlikely to have suppressive activity in either wildtype or vav-Atg7
-/-

 mice under the 

conditions tested.  
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Figure 7.20: Fewer iNOS
+
 Ly6g

+
 CD11b

+
 cells in Atg7

-/-
 bone marrow.  Bone marrow was harvested and 

stained for neutrophil/MDSC surface markers CD11b and Ly6g prior to fixation and permeabilisation to 

allow intracellular iNOS staining. Graph shows mean percentage of cells iNOS+, error bars represent SEM 

and n = 6.  **p<0.01, un-paired t-test. 

NO compounds represent one of the main weapons in neutrophil defence, possessing 

cytotoxic and bactericidal activity, and are particularly effective against intracellular 

bacteria(472).  NO released by neutrophils rapidly reacts with reactive oxygen (O2
-
) to form 

peroxynitrite, with even more effective killing capacity(473). Given the vital role of NO in 

neutrophil function, supernatant levels were assessed for nitrite concentration using the 

Griess reaction. Nitrite concentration in unstimulated neutrophil supernatants was 

comparable between wildtype Atg7
-/-

 samples, at around 2 µM. However, LPS stimulated 

Atg7
-/-

 neutrophils produced only half the amount of nitrite compared to wildtype 

neutrophils, with average supernatant nitrite concentrations of 6 µM, compared with 12 µM 

in wildtype supernatants (figure 7.21). 
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Figure 7.21: Reduced nitrite burst from Atg7
-/-

 bone marrow neutrophils.  Bone marrow neutrophils were 

stimulated overnight with LPS (1µg/ml) or IFNγ (10 ng/ml) and supernatant samples taken the following day 

for nitrite analysis using the Griess reagent. Error bars represent SD, n = 4.   **p<0.01, un-paired t-test. 

7.8 Autophagy-deficient neutrophils are highly 

inflammatory 

In addition to phagocytosis and degranulation, neutrophils are also significant producers of 

inflammatory cytokines that initiate and shape the immune response to invading 

pathogens(474). Although not as significant producers as macrophages and T-cells on a per 

cell basis, their large numbers mean they make an important contribution to the 

inflammatory cytokine milieu during many immune responses(475). Autophagy-deficient 

macrophages produce significantly higher levels of inflammatory cytokines than wildtype 

macrophages, as discussed in chapter 2.  As such, cytokine expression from ex vivo 

neutrophils was assessed to determine whether their apparent inability to mature alters their 

inflammatory cytokine responses.  As seen in autophagy-deficient macrophages, Atg7
-/-

 

neutrophils isolated from the peritoneal cavity or spleen express significantly higher levels 

of the inflammatory cytokines TNF-α and IL-12 than their wildtype counterparts (figure 

7.22, top and bottom).  Furthermore, increased cytokine expression was observed without 
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externally applied immune stimulation. In addition to the inflammatory cytokines, the anti-

inflammatory cytokine IL-10 was also found to be significantly increased in splenic and 

peritoneal neutrophils from vav-Atg7 mice. 

 

 

Figure 7.22: Ex vivo Atg7
-/-

 neutrophils express significantly more cytokines than wildtype neutrophils.  

Neutrophils were harvested from the spleen (top panels) and the peritoneal cavity (bottom panels) and RBC 

lysed prior to overnight culture in R10 in the presence of 1x Brefeldin A to block protein secretion.  

Neutrophils were surface stained for Ly6g and CD11b, followed by fixation and permeabilisation for 

intracellular cytokine staining.  Left-most lightest grey histograms are isotype control peaks. *p<0.05, 

**p<0.01, statistics generated by un-paired t-test on MFI of each peak.  

Neutrophils extracted from bone marrow were also analysed for cytokine secretion 

following overnight stimulation with LPS. As found in the splenic and peritoneal 

neutrophils, unstimulated bone marrow neutrophils expressed significantly higher levels of 

TNF-α and IL-10 than wildtype neutrophils, despite their apparently immature state (figure 
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7.23, left and right).  Furthermore, stimulation with LPS led to a small, but significant, 

increase in cytokine expression in Atg7
-/-

 neutrophils, but not wildtype neutrophils.  

         

Figure 7.23: Ex vivo Atg7
-/-

 bone marrow neutrophils express significantly more cytokines than wildtype 

neutrophils following stimulation with LPS.  Neutrophils were harvested from the bone marrow and cultured 

overnight in R10, supplemented in some cases with LPS (1µg/ml). The following day, 1x Brefeldin A was 

added for 3hr to block protein secretion.  Neutrophils were surface stained for Ly6g and CD11b, followed by 

fixation and permeabilisation for intracellular cytokine staining.  Graphs show mean MFI, error bars 

represent SEM, n = 4. *p<0.05, **p<0.01, un-paired t-test.  
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7.9 Increased neutrophils in Vav-Atg7 mice 

As with the macrophages, numbers of neutrophils in the blood, bone marrow and tissues 

were significantly increased in Vav-Atg7 mice. Although small numbers of neutrophils can 

commonly be found in many tissues, such large numbers are unusual. The myeloid 

infiltrate stained positive for CD68, CD11b and myeloperoxidase, and included a high 

number of immature neutrophils, described as reminiscent of MDS or AML.  The cause of 

the neutrophilia is likely in response to a similar trigger as resulted in increased numbers of 

macrophages, namely increased proliferation of progenitors, reduced cell death, response to 

infection, aseptic inflammation or as a result of a proliferative, dysplastic or malignant 

syndrome. Increased proliferation appears unlikely, as overnight stimulation of bone 

marrow with G-CSF gave rise to far fewer neutrophil-like cells in Atg7
-/- 

bone marrow 

cultures than in wildtype cultures, and levels of cell death were increased in Atg7
-/-

 

neutrophils, just as in the macrophages, suggesting that decreased cell death was not the 

cause. No signs of infection were present in any of the mice at dissection or autopsy, nor in 

any of the tissue samples or cell cultures established from the mice, suggesting that 

infection as a cause for neutrophilia is unlikely in this instance.   

Severe myeloid infiltration is also associated with MDS, myeloproliferative disorders and 

myeloid leukaemias.  Transplanted bone marrow and bone marrow progenitors from 

Vav-Atg7
-/-

 mice could not successfully transfer the infiltration to other mice(57) and ex 

vivo proliferative capacity of myeloid precursors from Vav-Atg7 bone marrow is severely 

diminished (Alec Watson, unpublished data).  As no evidence of translocations or major 

deletions was found in either bone marrow, myeloid precursors or neutrophil-like cells, it 

appears unlikely that the myeloid infiltrates present in the tissue of Vav-Atg7 mice are 

leukemic in origin. Nevertheless, there is evidence that decreased (as opposed to absent) 

autophagy is involved in the development and pathogenesis of MDS and AML, with 
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autophagy genes found within the commonly deleted regions (CDRs) of chromosomes 

associated with leukaemia(476).  Immature cells did make up a large proportion of the 

tissue infiltrates, reminiscent of a myeloproliferative condition, which suggests that 

autophagy has a role in normal neutrophil maturation or in preventing conditions that result 

in the artificially increased production of neutrophils.   

The severely inflammatory phenotype of Atg7
-/-

 macrophages could result in increased 

numbers of neutrophils and infiltration into tissues.  Increased GM-CSF and G-CSF 

production by Atg7
-/-

 macrophages could result in egress of neutrophils and precursors from 

the bone marrow(477).  Furthermore, excessive G-CSF signalling can cause neutrophil 

ROS-mediated apoptosis of mesenchymal progenitor cells in the bone marrow that produce 

cytokines and adhesion molecules important for maintenance of remaining hematopoietic 

stem cell populations(478).  In otherwise healthy individuals, this effect is transient, 

however, due to defective stem cell production in Vav-Atg7 mice; this could speed stem 

cell exhaustion and contribute to increased numbers of neutrophils and neutrophil 

precursors in the periphery. Furthermore, macrophage recruitment of neutrophils through 

MIP-1α and TNF-α expression(479) could cause migration into tissues to sites of 

macrophage-driven inflammation. Atg7
-/-

 neutrophils produce significantly higher levels of 

inflammatory cytokines themselves, further increasing the inflammatory signalling and 

potentially driving further production of neutrophils. This has been shown in a model of 

heart failure, where lack of autophagy-mediated clearance of mitochondrial DNA led to cell 

autonomous activation of TLR9 and inflammation and infiltration of CD68
+
 macrophages 

and Ly6g
+
 neutrophils in the heart(480). Thus, loss of autophagy in macrophages and 

neutrophils could cause a chronically inflammatory environment that fuels production of 

increased numbers of myeloid cells from the bone marrow, recruiting them into tissues and 

contributing to increased rapidity of bone marrow failure in Vav-Atg7
-/-

 mice. This 
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hypothesis could be explored by attempting to reduce levels of inflammatory cytokines or 

chemokines in the blood of young Vav-Atg7 mice.  Anti-GM-CSF (mAb 22E9) has been 

used successfully to treat inflammatory conditions such as arthritis(481, 482), and 

anti-G-CSF antibodies have been used to prevent G-CSF-mediated infiltration of Ly6g
+
 

cells into organs(483), suggesting administration of either could be used in Vav-Atg7 mice.  

Injections could be administered weekly or in a single, large dose and levels of 

inflammatory cells and cytokine production assessed from blood and tissue sections by 

flow cytometry. Enumeration of HSCs and progenitors from the blood and bone marrow of 

treated mice would also give an indication of whether α-G-CSF or α-GM-CSF treatment 

reduced the severity of the decline in progenitor numbers as Vav-Atg7 mice age.  

7.10 Atg7-/- neutrophils show altered expression of common 

neutrophil surface markers 

Neutrophils express a range of surface markers throughout development, and on maturity 

are considered to express high levels of the surface marker Ly6g(443, 445) and the 

adhesion molecule CD11b. Flow cytometric analysis of neutrophils from Vav-Atg mice 

revealed differences in Ly6g expression between the neutrophil populations, whereas 

expression of CD11b was comparable between groups.  This suggests that some Atg7
-/-

 

neutrophils express ‘mature’ levels of Ly6g, but a large proportion of them express reduced 

levels, possibly due to reduced maturation. CD11b is expressed at fairly consistent levels 

throughout the later stages of maturation (from myelocyte to segmented nuclei)(449), 

suggesting that the population in Atg7
-/-

 mice may contain an even spread of these 

maturation states, whereas the wildtype population contains predominately band and 

segmented neutrophils expressing high Ly6g. Levels of Fc receptor (CD16/32), CXCR4 

and CD62L were all found to be elevated on Atg7
-/-

 neutrophils relative to wildtype. This is 
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unexpected both due to their potential immaturity, based on Ly6g expression and 

morphology, but also because Atg7
-/- 

macrophages had reduced expression of many surface 

markers.  However, CD11b expression was found to be similar on macrophages, and the 

expression of F4/80 was found to be variable.  As previously discussed, it is possible that 

not all surface antigens utilise autophagy as a mechanism for surface presentation. 

Furthermore, macrophage alterations in morphology and neutrophil and macrophage 

deficiencies in phagocytosis suggest a wider role for autophagy in regulation of membrane 

motility. Higher L-selectin expression in Atg7
-/-

 neutrophils could be an indication of 

reduced activation/maturation or problems with receptor shedding. It may be that CD62L, 

shedding of which is a marker of activation(484), is shed normally in wildtype neutrophils, 

but is fixed in the membrane following loss of autophagy, thus causing them to appear to 

have higher expression.  

Similarly, FcγRIII (CD16) is constantly shed by activated neutrophils, suggesting it is lack 

of shedding rather than increased expression responsible for higher cell surface levels on 

Atg7
-/-

 neutrophils(485). This could be assessed by quantification of shed CD62L and 

CD16 in the supernatants of neutrophil cultures via western blot or ELISA. GM-CSF has 

been shown to increase expression of Fc Receptor(486), though this would normally also 

result in upregulation of Ly6g. 

CXCR4 negatively regulates neutrophil trafficking from the bone marrow(450), with 

increased expression usually related to increased retention of neutrophils in the bone 

marrow. As neutrophils are increased in both the bone marrow and the tissues of Vav-Atg7 

mice, it is difficult to assess whether CXCR4 signalling on Atg7
-/-

 neutrophils is successful.  

However, it may be upregulated as a responsive mechanism in Atg7
-/-

 mice to prevent the 

egress of such large numbers of neutrophils from the bone marrow.  
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Loss of autophagy in neutrophils results in a disruption of normal surface marker 

expression, which is in some ways similar to that observed in Atg7
-/-

 macrophages.  

However, changes in some of the surface markers (decreased Ly6g expression and 

increased CD62L expression) are indicative of reduced maturation, whereas others may be 

adaptive responses to attempt to regulate neutrophil trafficking out of the bone marrow.  

7.11 Atg7-/- neutrophils have features consistent with 

immaturity 

In addition to decreased expression of Ly6g, morphologic analysis of Atg7
-/-

 neutrophils 

showed significant immaturity among Gr1
high

CD11b
high

 cells. High expression of these 

markers is usually accepted to represent mature neutrophils, although no studies in mice 

have assigned surface markers to particular stages of neutrophil development. Despite cells 

being sorted from the same ‘maturity’ gate by flow cytometry, there was a significant 

majority of immature neutrophils in Atg7
-/-

 cultures, most of which exhibited round or 

bean-shaped nuclei consistent with metamyelocyte and band stages of development(432). 

More than 60% of wildtype Gr1
high

CD11b
high 

neutrophils had the characteristic ≥3 lobed 

appearance, whereas less than 5% of Atg7
-/-

 Gr1
high

CD11b
high

 cells from the same gate had 

3 or more visible nuclear lobules.  Furthermore, 57% of Atg7
-/-

 Gr1
high

CD11b
high

 

neutrophils showed no evidence of nuclear lobulation at all, compared with 8% of wildtype 

cells.  Neutrophils were also assessed by image stream analysis, based on 

Ly6g
high

CD11b
high

 staining and nuclear staining with Draq5, and assigned to different 

maturation characteristics based on their nuclear lobularity.  This also revealed a significant 

shift toward less mature forms of neutrophil, confirming that Atg7
-/-

 Ly6g
high

 CD11b
high

 

cells are less mature.  This is in spite of using the same Gr1 and Ly6g gating and gating out 

the clearly less mature Ly6g
mid-low 

population visible on flow cytometry. This suggests that 
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even those Atg7
-/-

 neutrophils expressing comparable levels of Ly6g surface antigen are 

less morphologically mature, based on nuclear shape, than their wildtype counterparts. 

In addition to immature nuclear morphology, there were significant differences in the 

number, appearance and location of neutrophil granules.  Atg7
-/-

 neutrophils contained, on 

average, half the granules of wildtype neutrophils and their granules were smaller in size 

and less electron dense with an uneven distribution in the cytoplasm when assessed by EM. 

Both primary (very dark round granules) and secondary (dark grey, slightly smaller 

granules)(487) appear reduced in the electron micrographs, though it is difficult to 

distinguish tertiary granules in either micrograph. However, a primary granule release assay 

showed similar levels of total MPO in Atg7
-/-

 macrophages, albeit with a different release 

pattern.  Higher levels of MPO were found in the supernatant of Atg7
-/-

 bone marrow 

neutrophils, whereas total levels from lysed neutrophils were the same.  This suggests that 

Atg7
-/-

 macrophages released their granules un-primed (LPS had little effect on MPO in 

either samples), whereas wildtype macrophages retained their MPO granules.  This makes 

some sense, as primary granules usually only undergo limited exocytosis and are generally 

thought to contribute mainly to the intracellular degradation of microorganisms in the 

phagolysosome(431).  The bone marrow neutrophils in this assay underwent a similar 

staining regime prior to MACS sorting as the EM neutrophils underwent for staining by 

flow sorting.  This raises the possibility that the lack of primary granules present in the EM 

images is due to prior release of MPO granules from Atg7
-/-

 macrophages. Ideally, primary 

granule number would be clarified by more specific microscopic staining, in order to better 

compare relative expression, though if unstimulated MPO release from Atg7
-/-

 neutrophils 

does occur, it may be difficult to stain them without causing them to lose their MPO. 

Secondary granule content was assessed by intracellular flow cytometry, and found to be 

unexpectedly higher in Atg7
-/-

 neutrophils. This could arise from a number of factors, and 
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further investigations will be necessary to clarify the true extent of NGAL and lactoferrin 

content of secondary granules in Atg7
-/-

 neutrophils. Lactoferrin ceases to be produced in 

mature granules, whereas it is continually being produced in immature granule forms(488), 

which could result in a build-up in immature Atg7
-/-

 neutrophils over time. It is also 

possible that secondary (or any other) granules are autophagic substrates, either during 

general cytoplasmic turnover, or secretory granule autophagy, termed Zymophagy. 

Zymophagy was first described in the pancreas, as a mechanism that specifically detects 

and degrades secretory granules to prevent inflammation(489). Autophagic uptake of 

members of the lipocalin family, to which NGAL belongs, has also been observed in 

kidney cells(490, 491), suggesting such a mechanism may occur in neutrophils as an 

adaptation to prevent excess inflammation.  Only total intracellular lactoferrin and NGAL 

were assessed in neutrophils, with no assessment of protein localisation, and therefore no 

confirmation that the increased protein production was located in granules.  Further 

clarification could be achieved by fluorescence microscopy with labelled granules.  

Autophagy has previously been implicated in the degranulation of mast cells(98) and 

Paneth cell lysozyme mobilisation(492), suggesting that increased internal granule contents 

could also be due to a secretion defect in Atg7
-/-

 neutrophils, though this was apparently not 

an issue for MPO. 

Granule expression was also assessed at the mRNA level using qPCR. Gene expression of 

MPO and lactoferrin were significantly upregulated in Atg7
-/-

 bone marrow neutrophils, 

which correlates with the MPO assay and Lactoferrin FACS staining. Expression of the 

tertiary granule protein MMP9 was found to be significantly reduced in Atg7
-/-

 

macrophages to around 60% of wildtype expression.  Tertiary granule production is 

initiated at the band stage of neutrophil development(428), and thus this may reflect the 

reduced numbers of Atg7
-/-

 neutrophils at this stage of development among the 
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Ly6g
+
CD11b

+
 population. Tertiary granule components, such as MMP9, could be assessed 

by fluorescence microscopy, western blot or ELISA.  As primary and secondary granule 

components seem to be detectable, if not visible by EM, in Atg7
-/-

 neutrophils, it would be 

of interest to determine whether similar levels of MMP9 protein were produced and 

secreted, to clarify whether the immaturity is limited to nuclear morphology, or overall 

reduced maturation (morphology and granule status). 

It was also observed that Atg7
-/-

 neutrophils express significantly decreased levels of 

SOCS3 mRNA, a negative regulator of neutrophil production.  Mice in which SOCS3 has 

been specifically deleted in the granulocyte macrophage lineage had significantly more 

neutrophils than wildtype mice(460), suggesting that a decrease in SOCS3 signalling in 

Atg7
-/-  

neutrophils and precursors could be responsible for their increased numbers.  

Autophagy is not known to directly regulate SOCS3 expression, but it is possible that 

reduced expression is a feedback mechanism to attempt to increase the numbers of mature 

neutrophils formed. 

Granulopoiesis from HSC to mature, segmented neutrophil is presided over by 2 key 

regulators, C/EBPα and C/EBPε(493). C/EBPα is expressed in myeloid progenitors from 

the common myeloid progenitor (CMP) and is maintained during granulocytic 

differentiation(494). C/EBPα activates several granulocyte-specific genes, including the 

primary granule protein, MPO, and the G-CSFR(495), and also results in the activation of 

C/EBPε, a late neutrophil differentiation transcription factor. C/EBPε is upregulated by 

C/EBPα  in concert with G-CSF signalling through the G-CSFR(496), and is responsible 

for induction of secondary/tertiary granule proteins such as lactoferrin and gelatinase(424). 

Analysis of C/EBPε gene expression indicated significantly reduced expression in Atg7
-/-

 

neutrophils, to around 70% of wildtype expression.  However, from this information it is 

difficult to determine whether reduced C/EBPε expression is causing the reduced 
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differentiation, or whether merely having more immature cells in the Ly6g
+
CD11b

+
 

population that was analysed means there are fewer C/EBPε-expressing cells present. 

Analysis of C/EBPε protein expression and transcription factor binding/transactivation may 

give a better indication of whether it is a cause or merely a symptom of reduced maturation.   

Atg7
-/-

 neutrophils show a spectrum of characteristics suggestive of reduced maturational 

state, including reduced Ly6g expression, reduced nuclear lobularity and alterations in 

granule protein expression and/or localisation.  Even Atg7
-/-

 neutrophils expressing similar 

levels of Gr1 to wildtype neutrophils still appear morphologically immature despite their 

expression of ‘maturity’ markers.  This conflicting combination of maturity and immaturity 

signs suggests a role for autophagy in specific aspects of neutrophil differentiation. 

7.12 Maturational stimuli cannot overcome the maturation 

defect 

Autophagy has previously been shown to be important for treatment-induced maturation of 

APL cells, by autophagic degradation of the fusion protein PML-RARα(463) in response to 

ATRA therapy(463). Furthermore, autophagy is required for the terminal differentiation of 

several neutrophilic cells lines, including HL-60 cells(497), and facilitates degradation of 

the oncoprotein BCR-ABL in chronic myeloid leukaemia (CML)(498).  However, there is 

no research covering the role of autophagy in non-transformed neutrophils or how 

autophagy contributes to normal granulopoiesis.  

In order to determine whether immature autophagy-deficient neutrophils could be induced 

to mature in response to maturational stimuli, bone marrow neutrophils were treated 

overnight with TNF-α, LPS, G-CSF, GM-CSF and ATRA, which has previously been 

shown to induce maturation in myeloid leukemic cell lines(499). None of the treatments 

applied were sufficient to induce a population of Ly6g
+
 CD11b

+
 cells that was clearly 
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distinct from Ly6g
neg

 cells.  Although several treatments resulted in a change in CD11b 

expression, none was able to make Atg7
-/-

 neutrophils replicate the distinct neutrophil 

population of wildtype neutrophils. Furthermore, light microscopic analysis following 

treatment with G-CSF and GM-CSF showed changes in nuclear size, shape and staining 

characteristics. GM-CSF treatment also resulted in the appearance of large vacuoles, 

reminiscent of those seen in Atg7
-/-

 macrophage micrographs.  Some of the cells in Atg7
-/- 

cultures were reminiscent of macrophages, potentially suggesting the presence of hybrid 

macrophage-neutrophil cells, which would be further evidence of altered maturity. 

Induction of autophagy facilitates differentiation of APL cells via degradation of the 

PML-RAR fusion protein(463).  As autophagy is primarily a degradation mechanism, this 

suggests that non-transformed neutrophils cannot differentiate in the absence of autophagy 

due to accumulation or overexpression of a negative regulator or competitor of 

differentiation, analogous to the PML-RAR protein. Overexpression of a dominant negative 

retinoic acid receptor (RAR) in bone marrow neutrophils inhibited their 

differentiation(500), suggesting RAR or similar proteins could be autophagic targets under 

normal conditions. Overexpression or accumulation of repressors of C/EBPα/ε may also 

result in decreased differentiation potential of wildtype neutrophils.  In support of this 

hypothesis, C/EBPε is rapidly induced in ATRA treated NB4 cells during granulocytic 

differentiation, suggesting a link between autophagy induction and C/EBPε activation. In 

ATRA resistant APL cell lines, C/EBPε was not induced, or only at very high ATRA 

concentrations(501). C/EBPε-/- 
mice have similarities to the phenotype of Atg7

-/-
 mice as 

well, with myelodysplasia characterized by proliferation of atypical granulocytes that 

infiltrate tissues, and similar morphological changes in neutrophils(424). Levels of 

neutrophil-development repressors, such as RAR and C/EBP repressors, could be assessed 

in Atg7
-/-

 neutrophils by western blot, or intracellular staining.  Additionally, dual staining 
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of known repressors and LC3 could be attempted in order to determine whether such 

repressors could be found in autophagosomes.  Ectopic overexpression of pro-development 

transcription factors, such as C/EBPε and C/EBPα, could also be attempted to force 

neutrophil maturation.   

Although granule expression was enigmatic in Atg7
-/-

 neutrophils, and requires further 

investigation, nuclear morphology was unmistakably altered, with a significant lack of the 

lobularity that characterises a mature neutrophil. Although the exact purpose of neutrophil 

nuclear shape is not known, it is thought that the lobular shape allows flexibility for 

movement through tight spaces during extravasation and trafficking to sites of 

infection(502). Nuclear differentiation requires adequate expression of a protein called 

Lamin B Receptor (LBR), with expression increasing following ATRA treatment of HL-60 

cells(503). Relative to ATRA differentiated HL-60 cells, normal neutrophil nuclei exhibit 

little LBR(504). The relative absence of LBR on normal mature nuclei, suggests that its 

downregulation or physical removal plays a role in nuclei development.  Nuclear-specific 

autophagy, or nucleophagy, has been described in some cell types, allowing nuclear 

maintenance by removal of damaged, non-functional components(505). LBR or other 

nuclear proteins could potentially act as autophagy  receptors, targeting portions of the 

nucleus for autophagic degradation during nuclear maturation. Senescent cells have also 

been shown to process chromatin via an autophagy/lysosomal pathway, in which portions 

of the nucleus bud off and are degraded by autophagy(506), suggesting an alternate 

mechanism by which autophagy could shape the neutrophil nucleus. The removal of 

nuclear envelope proteins upon maturation is also thought to stabilise the lobulated nucleus, 

while at the same time allowing the formation of post-mortem NETs(502), which is also 

thought to contribute to the characteristic dense chromatin pattern of mature neutrophils. If 

these proteins are not able to be removed by nucleophagy, this may also explain the 
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reduced chromatin density and light staining observed in Atg7
-/-

 neutrophil electron 

micrographs and light microscope images, respectively.  

Neutrophil morphology was only assessed in neutrophils extracted from the bone marrow 

of Vav-Atg7 mice.  Although tissue sections and staining of surface markers indicated 

increased numbers of immature cells, which suggests the immature phenotype extends 

beyond the bone marrow, only detailed morphologic analysis of tissue and blood would be 

able to confirm this.  Blood neutrophils are usually more mature than bone marrow 

neutrophils, and thus continued immaturity in the blood would further confirm the 

differentiation block in Atg7
-/- 

neutrophils. Furthermore, adoptive transfer of Atg7
-/-

 

neutrophils into wildtype mice could be attempted to determine whether a normal, non-

inflammatory environment could rectify their maturational defect. Although the autophagy 

defect is likely cell autonomous, the Vav-Atg7 model does have a significantly altered 

immune background, due to the anaemia, lymphopenia, stem cell defect and increased 

inflammatory signalling, which could contribute confounding effects on neutrophil 

differentiation and mask the physiological role of autophagy in differentiation. 

7.13 Loss of Atg7 results in reduced innate functions of 

neutrophils and increased inflammation 

Both phagocytosis and nitrite burst were reduced in neutrophils in the absence of 

autophagy, very similarly to Atg7
-/-

 macrophages, and most likely with a similar 

mechanism of action.  As with macrophages, neither function was completely abolished in 

Atg7
-/-

 neutrophils, again suggesting that autophagy plays an indirect, rather than a direct, 

role in either. 

Ly6g, Gr1 and CD11b are frequently used to identify MDSCs, in addition to mature 

neutrophils(467), and iNOS production is a known mechanism of suppressive action. The 
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immature Ly6g
+
 CD11b

+
 population in Vav-Atg7 mice have some similar features to 

MDSCs, but expression of iNOS was significantly lower in Atg7
-/-

 neutrophils than in 

wildtype neutrophils, making it unlikely they have suppressive action. However, this would 

need to be confirmed by a suppressive assay to conclusively show that they have no 

suppressive activity.  However, Atg7
-/-

 neutrophils were also found to have significantly 

increased expression of inflammatory cytokines, despite their immature phenotype, which 

provides further evidence that they have no immune-suppressive capability.  Similarly to 

Atg7
-/-

 macrophages, unstimulated (or, at least, not exogenously stimulated) ex vivo 

neutrophils from the spleen, peritoneal cavity and direct from the bone marrow produced 

significantly higher levels of inflammatory cytokines than wildtype neutrophils.  

Interestingly, their immature phenotype does not appear to impair their capacity for 

cytokine production, suggesting that all cytokine activating genes are active in Atg7
-/-

 

neutrophils. Although neutrophils do not secrete cytokines to the same level as 

macrophages, their sheer numbers make them a formidable contributor to the overall 

cytokine milieu.  Like macrophages, neutrophils can also be activated by DAMPs and 

recruited to sites of cellular damage and inflammation by DAMP production(507). The 

NLRP3 inflammasome also directs IL-1β secretion in neutrophils(508), suggesting a 

similar mechanism for autophagy-mediated cytokine control in neutrophils as in 

macrophages, namely increased expression of mROS(237), mitochondrial DNA(7) and 

increased inflammasome activation(186). Furthermore, qPCR analysis indicated increased 

expression of the antioxidant regulator Nrf2, and HIF-1α, suggesting that the neutrophils 

are attempting to adapt to and survive their inflammatory and oxidative environment by the 

production of antioxidants and other survival genes and potentially by altering their 

metabolism. 



Chapter 7 – Atg7 has a role in neutrophil maturation 

Page | 240  

 

7.14 Conclusions 

Loss of autophagy in neutrophils results in a significant increase in immature neutrophils in 

the blood and tissues of vav-Atg7 mice, characterised by reduced expression of Ly6g, 

altered expression of other neutrophil surface markers, enigmatic granule production and 

significant changes in nuclear morphology. Addition of exogenous stimuli is insufficient to 

bring about morphological maturity, outlining a role for autophagy in non-transformed 

neutrophil maturation.  Although the mechanism for autophagic control of neutrophil 

differentiation is unclear from the present data, it could involve degradation of inhibitors of 

differentiation, analogous to fusion protein degradation in APL, or potentially through 

specific autophagic reshaping of the nuclei via nucleophagy. Reduced innate functions and 

increased inflammatory cytokine production are mirrored between the two major myeloid 

cell types, neutrophils and macrophages, in the absence of autophagy.  This confirms a 

general, rather than cell-specific, role for autophagy in maintenance of optimal cell function 

and appropriate immune responses and further reiterates the master control of homeostasis 

and cell function that autophagy exerts within cells.
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8.1 Myeloproliferation in Vav-Atg7 mice 

Vav-Atg7 mice showed significantly increased numbers of macrophages and neutrophils, 

both in normal hematopoietic tissues and infiltrated into other, non-hematopoietic organs. 

The origin of the increased myeloid burden could be attributed to: 

a. Chronic inflammation 

b. MDS/myeloproliferative disease 

c. AML 

d. Combination of inflammation and MDS 

The myeloid cells produced by Vav-Atg7 mice and derived from Atg7
-/-

 bone marrow are 

highly inflammatory, even in the absence of exogenous stimuli and exhibit increased 

production of myeloid-supporting growth factors, chemokines, cytokines and ROS, any and 

all of which could certainly contribute to increased myelopoiesis. However, the initiating 

trigger for the inflammation is uncertain – did the presence of large numbers of myeloid 

cells (i.e. due to MDS or AML) occur first, thereby resulting in increased inflammation, or 

was there an initial or low level gradually increasing inflammatory signals?  The potential 

sources of such inflammatory signals in this model are many; there are large numbers of 

dying RBCs and lymphocytes potentially releasing DAMPs, such as mitochondrial and 

genomic DNA, histones and other cellular constituents.  Furthermore, both the 

macrophages and neutrophils appear to upregulate antioxidant pathways as an adaptation to 

increasing oxidative stress and, as previously discussed, Prxn1, a major antioxidant, may 

act as a DAMP signalling through TLR4(238).  Overall this gradual buildup of 

inflammatory triggers could plausibly result in increasing production and infiltration of 

myeloid cells into the tissues.  However, the inability of neutrophils to mature in the 

absence of autophagy is also highly reminiscent of AML cell lines such as NB4(499) and 

HL-60(463).  Further genetic analysis of infiltrates may yet reveal mutations or 

translocations indicating that stable transformation in the complete absence of autophagy is 
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possible, although the stem cell defect present in Atg7
-/-

 bone marrow could make them so 

highly fragile and susceptible to death as to be unable to support continued proliferation or 

immortality. Another confounding factor is the relative contribution or, in this model, the 

lack of contribution, of lymphocytes. Any tumours that did arise in this model, 

hematopoietic or otherwise, would not have experienced immunological selective pressure, 

potentially weakening their tumorigenic ability.  Immuno-regulatory signalling, for 

example through TH2 cells, may also prevent or partially ameliorate the excessive 

inflammation present in this model.  Other models of Atg7 deletion may help clarify the 

myelospecific consequences of loss of autophagy in the absence of the confounding 

influence of fragile stem cells.  For example, Atg7 deletion using the Cebpa-cre(509) would 

give rise to Atg7 deletion from very early myelopoiesis without influencing stem cell 

production.  Later contributions to development could be assessed using LysM-Cre(169)-

driven deletion of Atg7.  There have been multiple studies using LysM mediated deletion 

of Atg7(92, 510) and, although none have shown as extreme a phenotype as the Vav-Atg7 

model, some have reported reduced differentiation(511), spontaneous inflammation and 

infiltration of the lung(512) and activation of the inflammasome(513), suggesting HSC-

independent roles for autophagy in myeloproliferation and inflammation.  Use of such 

models may help to clarify the origin of increased myeloid cell numbers in Vav-Atg7 mice.     

8.2 Autophagy and metabolism 

Loss of autophagy in macrophages resulted in a significant upregulation of glycolysis, 

possibly as a substitute for lost autophagic energy production or to produce sufficient ATP 

to maintain mitochondrial potential and prevent cell death via the intrinsic apoptotic 

pathway. This is the first time that loss of autophagy has been shown to increase glycolysis, 

rather than decrease glycolysis, as has been shown in several cell line and cancer subtypes.  



Chapter 8 – Discussion and Conclusions 

Page | 244  

 

Macrophages, being naturally glycolytic cells, have a range of adaptions that allow for 

glycolytic energy production in the absence of autophagy without being overwhelmed by 

oxidative stress or overcome by build-up of toxic glycolytic intermediates. Neutrophils also 

preferentially produce energy via glycolysis(514), also maintaining their mitochondrial 

membrane potential in this manner. It appears likely that neutrophils also further increase 

their glycolytic output in the absence of autophagy, and it would be interesting to see how 

this varies between tissue locations, i.e. blood neutrophils versus bone marrow or peritoneal 

neutrophils (and macrophages), to determine whether their energy needs are dictated by 

their environment. It would be interesting to investigate metabolic pathways in autophagy-

deficient lymphocytes to determine whether they are able to utilise this pathway as a 

survival mechanism in the same manner. Both B- and T-cells normally upregulate 

glycolysis following ligation of the BCR or TCR(515, 516), suggesting that it may also 

make a viable survival pathway in the absence of autophagy or aberrant OxPhos due to 

damaged mitochondria. Similarly, HSCs rely on glycolytic energy production due to the 

hypoxic nature of the stem cell niche(517), suggesting they may also potentially upregulate 

glycolysis in the absence of autophagy, particularly since mitochondrial instability is 

implicated in HSC failure in Vav-Atg7 mice(57). Although several lines of research have 

shown a requirement for autophagy in supporting tumorigenic glycolysis, in some instances 

autophagy appears to play a protective role in preventing glycolytic upregulation. For 

example, loss of PTEN, a positive regulator of autophagy(518), in leukaemia cells results in 

upregulation of autophagy(519), whereas inhibition of mTOR suppresses autophagy and 

sensitises AML cells to chemotherapy(520). Together, these data suggest a further 

contribution to autophagy’s ‘double-edged sword’ role in cancer prevention and 

progression.  
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8.3 Autophagy and the aging innate immune system 

The similarities between aged and autophagy-deficient macrophages suggest both that loss 

of autophagy accelerates aging of the immune system, and that many of the changes seen in 

the aged immune system may be due, at least in part, to reduced autophagy levels.  

Increased myeloid cell production in the elderly may also have an origin in decreased 

autophagy levels.  Furthermore, the increased glycolysis that occurs with advancing 

age(408, 521) draws a further link to autophagy, and thereby potentially also to cancer 

progression. Our experiments in macrophages demonstrated significantly decreased 

autophagy in macrophages, but also that autophagy could still be increased using 

autophagic stimuli such as LPS and IFNγ.  This suggests that positive modulation of 

autophagy in the elderly, either by caloric restriction or autophagy-inducing agents such as 

rapamycin or spermidine, has the potential to improve immune function in a variety of 

ways, supress excess inflammation and prevent induction of excessive glycolysis.  

8.4 Conclusions 

Analysis of the role of autophagy in the myeloid cells of the immune system has uncovered 

and clarified multiple roles in maturation, function, control of inflammation and 

metabolism, and, in the case of neutrophils, differentiation.   

Loss of autophagy in Vav-Atg7 mice contributes to a significant increase of macrophages 

and neutrophils in the bone marrow, blood and tissues, potentially due to chronic 

inflammatory signalling by both the macrophages and neutrophils.  In macrophages, loss of 

autophagy caused alterations in morphology and membrane shape, potentially influencing 

functions which rely on membrane motility, such as phagocytosis, migration and surface 

marker expression.  In addition to increased levels of cell death, phagocytosis and NO burst 

were significantly reduced, but not abolished, in both macrophages and neutrophils. 
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Furthermore, antigen presentation by macrophages was significantly blunted, either due to 

reduced intracellular processing of antigens in the absence of autophagy, or due to reduced 

expression and upregulation of important antigen presentation markers, such as MHC II.  

The mechanism for autophagy’s role in surface marker expression may be mediated 

through interaction of autophagosomes or autophagy machinery with MVBs or due to 

reduced expression and action of vital Rab proteins.  Despite their inability to upregulate 

many surface antigens in response to stimulation, autophagy-deficient macrophages were 

found to be highly inflammatory, producing increased levels of inflammatory cytokines, 

chemokines and growth factors that mediate proliferation and differentiation of other 

myeloid cells, thereby potentially contributing to the increased numbers of myeloid cells 

present in Vav-Atg7 mice.  Increased inflammatory mediator production by both 

macrophages and neutrophils was observed in the absence of exogenously applied stimuli, 

suggesting endogenous stimulation by DAMPs or mROS is further contributing to the 

inflammation observed in vivo.  

In addition to altered macrophage function, a significant change in metabolism was 

observed in the absence of autophagy.  Autophagy-deficient macrophages showed 

significantly increased glucose uptake and levels of glycolysis, as well as increased 

expression of HIF-1α.  Furthermore, despite their increased levels of glycolysis, the 

macrophages had a higher basal OCR than wildtype macrophages and a significantly higher 

SRC, likely attributable to increased mitochondrial load. 

Many of the changes observed in autophagy-deficient macrophages are mirrored in aged 

macrophages, drawing the connection between reduced autophagy and accelerated aging, 

and implying a role for autophagy in preventing the age-related decline in macrophage 

function and dysregulated inflammatory signalling.   
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Finally, a novel role for autophagy in normal neutrophil differentiation was also uncovered.  

Autophagy-deficient neutrophils showed signs of immaturity, particularly in altered granule 

expression and lack of lobulated nuclei.  The mechanism by which autophagy facilitates 

neutrophil maturation could be through degradation of negative regulators of 

differentiation, analogous to degradation of leukemic fusion proteins in treatment of 

leukaemia, or via a new role for nucleophagy in remodelling of the neutrophil nucleus. 

These data further underscore the importance of autophagy in myeloid cell function and 

regulation, and opens up further avenues of exploration in the links between autophagy, 

inflammation, metabolism and aging. That autophagy can influence events as diverse as 

infection control, development and differentiation, metabolism and energy generation, and 

homeostasis, underscores its vital importance to cellular, and therefore  organismal, well-

being.  Without the ‘housekeeping’ capacity of autophagy, cellular function declines over 

time, oxidative stress increases, and, in a subset of cells, inflammatory signalling becomes 

dysregulated – all features of cellular senescence(408), and so called ‘inflamm-aging’(522). 

Furthermore, changes in metabolism, low level inflammation and DNA damage caused by 

high oxidative stress can contribute to the increased cancer susceptibility in the elderly. The 

challenge in future is to determine what genetic factors control basal autophagy levels in 

humans, and how autophagy can best be exploited to maintain optimal cellular quality.
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