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Abstract 

Neutrophils are the most abundant white blood cell and the first line of defence against 

pathogens. Their development is characterised by the compaction and lobulation of 

their nuclei. They have a wide variety of mechanisms to clear out pathogens and 

defects in their development or activity result in severe immunodeficiency. To better 

understand neutrophil function, we analysed ataxia-telangiectasia (A-T), a genetic 

recessive disease caused by mutations in ataxia telangiectasia mutated (ATM) gene. 

A-T patients suffer from increased susceptibility to bacterial infections and 

malignancies. ATM is involved in chromatin double strand break repair and has been 

shown to be necessary for the development of B- and T-cells. However, little is known 

about the role of ATM in neutrophil biology. Based on the immunodeficiency observed 

in A-T patients, we hypothesised ATM might regulate neutrophil development and/or 

function.  

We established a CRISPR/Cas9 ATM knockout (ATM-/-) and inducible ATM shRNA 

knockdown cell line, which we differentiated into a neutrophil-like cell. We tested the 

antimicrobial capacity of the cell line as well as primary neutrophils treated with an 

ATM inhibitor and found a decreased ability to kill Staphyloccocus aureus in both 

systems. To understand the mechanism behind this phenotype, we compared 

differentiation from precursors as well as different antimicrobial responses in both WT 

and ATM-/- cells. We found increased expression of CD11b and decreased expression 

of C-type lectin receptors, indicating developmental disturbances as well as reduced 

production of reactive oxygen species (ROS) and NETs. Increased CD11b surface 

marker expression was confirmed in neutrophils from A-T patients. These differences 

were related to dysregulated transcription and nuclear organisation in ATM deficient 

cells, implicating ATM in neutrophil chromatin regulation. In conclusion, we identified 

ATM as a regulator of neutrophil development and antimicrobial activity, and a 

potential therapeutic target in immunodeficiency or inflammatory disease.   
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CHAPTER 1: Introduction 

1.1 Innate immunity and inflammation 

Innate immunity is essential for living beings; it mounts a rapid response to defend the 

organism against pathogens in the first hours of infection and amplifies the signalling 

to promote activation of adaptive immunity1. The skin, leukocytes and other soluble 

factors comprise the innate immune system1–3.  

Pathogens can enter the body either when the skin gets damaged or via the nasal and 

oral cavities. The epithelial barrier protects the surface of the gastrointestinal tract as 

well as the respiratory tract4. The mucus in the respiratory and gastrointestinal tract 

can trap microorganisms, thus usually preventing their migration and growth. The 

epithelial cells also release fatty acids and lysozymes that are toxic to the pathogens 

and produce cytokines to recruit innate immune cells4,5.  

1.1.1 Innate immune cells 

Haematopoietic stem cells give rise to leukocytes which are formed by the common 

lymphoid and myeloid progenitors2,6. The common lymphoid progenitor (CLP) gives 

rise to B and T-cells which are part of the adaptive immunity, moreover, natural killer 

cells also arise from this lineage but are considered part of the innate immune 

system1,6. The common myeloid progenitor (CMP) gives rise to monocytes and 

granulocytes which are part of the innate immune system3,4 

Myeloid cells are the first line of defence after the physical barriers are compromised. 

They can recognise a variety of pathogen-associated molecular patterns (PAMPs) 

through different receptors and can engulf and phagocytose them1,5. Myeloid cells are 

divided in monocytes and granulocytes. The latter gets their name due to the fact that 

these cells contain a variety of granules in their cytoplasm6. 

Mononuclear myeloid cells include monocytes and macrophages, the former can be 

found travelling through the bloodstream, while the latter are long-lived and reside in 

tissues3. They are the main producers of cytokines among the myeloid cells6.  
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Neutrophils or polymorphonuclear (PMN) cells are the most abundant of all 

granulocytes and are short-lived7. They migrate to tissues in response to an injury and 

are able to phagocytose and destroy pathogens8,9. Eosinophils and basophils are the 

less abundant ones of these white cells; eosinophils have the ability to phagocytose 

and together with basophils are involved in recognition of pathogens (e.g. parasites) 

and release a variety of granules1,3,4. Together, granulocytes have a variety of 

receptors that allow them to recognise different pathogens and further amplify the 

immune response whilst recruiting adaptive immunity2,6.  

1.1.2 Pattern recognition receptors 

Cells from the innate immune system have a variety of receptors that allow them to 

recognise different molecules presented by viruses, bacteria, fungi and parasites, as 

well as signals from injured tissues. These pattern recognition receptors (PRRs) can 

identify a variety of pathogen-associated molecular patterns (PAMPs) that are different 

from self-antigens and can also recognise damage-associated molecular patterns 

(DAMPs) released by injured tissues. The major classes of PRRs are summarised 

below: 

Toll-like receptors (TLR): They recognise a variety of ligands from either PAMPs or 

DAMPs through their leucine-rich repeat (LRR) domain, leading to enhanced 

transcription of cytokines to increase the immune response1,10,11. TLRs 1, 2, and 4-6 

are membrane-bound and recognise different PAMPs from bacteria, fungi and 

protozoa3. On the other hand, TLRs 3, 7 and 9 are localised intracellularly, mainly in 

phagosomes and endosomes, where they recognise nucleic acids from a virus2. Once 

activated most of the TLRs signal via the adaptor protein MyD88 which activates 

downstream kinases to further activate the transcription factor NF-κβ10,12, while TLRs 

2 and 4 need an adaptor to recruit MyD882. TLRs are also involved in the recognition 

of cellular damage, and they can recognise high-mobility group protein 1 (HMGP1), 

heat shock proteins (HSPs) and RNA and DNA released by damaged cells2.  

C-Type Lectin Receptors (CLR): This is a family of calcium-dependent carbohydrate-

binding receptors that binds preferentially mannose and galactose carbohydrates 

through their QPD (Gln-Pro-Asp) and EPN (Glu-Pro-Asn) motifs13,14. This family of 

receptors can be found as soluble or transmembrane proteins14,15 that recognise a 
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variety of PAMPs and DAMPs14,16 which make them play a role in multiple 

physiological functions, from behaving as opsonins and growth factors to modulating 

the immune response13,15,16. Dectin-1 (CLEC7A) is the most characterised CLR and 

is expressed mainly on myeloid cells: neutrophils, monocytes, macrophages, dendritic 

cells and can also be found on B and T-cells13.  CLEC7A binds β-1,3-linked glucans 

found in bacteria, fungi and plant cell walls13,17. It signals directly via tyrosine kinase 

Syk to activate NF-κβ to promote inflammation. In addition, it is involved in the 

neutrophil respiratory burst, and can activate Nlrp3 to induce production of IL-1β 

through the inflammasome4,13,17.  

The C-type lectin receptors Mincle (CLEC4E) and Dectin-2 (CLEC6A) are found as 

transmembrane proteins in macrophages, neutrophils and Kupffer cells14,18. They 

recognise α-mannans found in fungi, bacteria, and plant walls6,14,19. Moreover, 

CLEC4E can recognise cholesterol crystals, lipopolysaccharides (LPS) and 

Mycobacterium tuberculosis cord factor trehalose-6,6-dibehenate (TDB)14,15, while 

CLEC6A also recognise M. tuberculosis, fungi such as Aspergillus and Candida, and 

Lactobacillus amongst others16,18,20. These receptors bind Fc- receptor γ-chain to 

signal via Syk and activate NF-κβ to promote an inflammatory response14,19,21. 

Similarly to CLEC7A, when activated they induce phagocytosis, production of ROS 

and activation of the inflammasome14,16,18,19. 

MDL-1 (CLEC5A) is another member of the CLR family found in the plasma membrane  

of neutrophils, monocytes and macrophages22 and recognise fucose and mannose 

residues from viral glycans, as well as disaccharides of bacterial cell walls22–24. It binds 

DAP10 adaptor to signal downstream to promote inflammatory responses via NF-κβ 

signaling and can also induce activation of the inflammasome via Nlrp314,22. CLEC5A 

has been shown to interact with Listeria monocytogenes and  Staphyloccocus aureus, 

as well as playing a role in the inflammatory response against the lectin Concanavalin-

A (ConA)23.   

NOD-like Receptors (NLR): These, like TLRs, contain an LRR domain but are all found 

intracellularly; ligands for these receptors are the result of phagocytosis and 

breakdown of the bacterial cell wall4. The receptors NOD1 and 2 mainly bind 

peptidoglycan and signal to activate NF-κβ and Map kinase like TLRs; absence of 

these receptors has been related to impaired antimicrobial capacity25. Another 
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subfamily of the NLR is NLRP, which also contain a NOD and a pyrin domain, and are 

important in assembly of the inflammasome, a multiprotein complex that is needed to 

activate the enzyme caspase-126. Caspase-1 in turn will cleave the pro-forms of IL-1β 

and IL-18 into their active forms, leading to the recruitment of immune cells25,26.  

Retinoic acid-inducible Gene 1-like Receptors (RLR):  These receptors recognise viral 

RNA and are located in the cytosol of cells3,27. There are three different RLRs - RIG-

1, MDA5 and LGP2. They signal through recruitment of the adaptor protein MAVS, 

which in turn activates the transcription factors IRF3 and 7 to induce production of type 

1 interferons27,28. RIG-1 also plays a role in the inflammasome while interacting with 

ASC protein28.  

1.1.3 Cytokines 

Activation of the above described PRRs can lead to production and secretion of 

cytokines. Cytokines are proteins or glycoproteins used by cells to signal during 

immune responses3,6. Depending on the outcome of the signal, cytokines can be 

defined in some of the following ways:  

Colony stimulating factors (CSF): They are involved in the differentiation of bone 

marrow cells into the different subtypes of immune cells. Gradients of these CSFs will 

also aid in the retention and release of immune cells from the bone marrow1,6.  

Interleukins (ILs): The majority of these cytokines are produced by T cells, however 

monocytes, neutrophils, endothelium and epithelium can also release them to signal 

for cells to divide and differentiate3,4.  

Chemokines: They are chemotactic proteins involved in regulating the movement of 

leucocytes through the bloodstream and into tissues9,29.  

Tumour necrosis factor (TNF):  Important in the promotion of inflammation and 

cytotoxic reactions. TNF-α and β are mainly produce by macrophages and B-cells and 

can function as a priming signal for activation of some immune cells9,30.  

Interferons (IFNs): This family of cytokines is involved in viral infections. Viral infected 

cells, macrophages and NK cells release IFN-α and β to limit the spread of the 
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infection, while T- cells release IFN-γ enhancing activity of macrophages, neutrophils 

and NK cells6,29.  

1.2 Neutrophil biology 

Neutrophils are the first line of defence against infections and the bridge that connects 

innate and adaptive immunity7,31. Over a billion neutrophil are made every day in the 

bone marrow and they represent 60-80% of all circulating leukocytes31. Life is not 

viable if there are no neutrophils32. Neutrophils carry a large amount of antimicrobial 

peptides in their granules33 and can release reactive oxygen species (ROS) 

intracellularly into the phagosome were they are mixed with antimicrobial peptides31,34, 

or also can release ROS into the extracellular space35. This can kill pathogens but also 

injure the host, therefore neutrophil development and release to the blood stream are 

tightly regulated to avoid any host damage and to allow proper antimicrobial activity31.  

1.2.1 Neutrophil development 

The bone marrow of healthy individuals can release up to 1x109 neutrophils every 

day7. Neutrophils are produced in the process termed haematopoiesis; this process 

gives rise to erythrocytes, platelets, B and T-cells, monocytes, and granulocyte 

cells3,30. More specifically, granulopoiesis refers to production of granulocytes. 

Heamatopoietic stem cells (HSCs) described as CD34+36 have the ability to 

differentiate in all blood cell types, moreover, the lineage commitment depends on 

different transcription factors, including CCAAT/enhancer-binding proteins (C/EBP-α, 

-β, -γ, -δ, -ε, -ζ), Gfi-1, GATA-1 and 2 and PU.130,37–39. HSCs differentiate into CLP 

and CMP where they commit to either lymphoid or myeloid lineage30.  

CMP gives rise to the granulocyte monocyte progenitor (GMP), which in turn commits 

to either granulocyte or monocyte lineage7,30,40. Once in the GMP stage, C/EBP-α and 

PU.1 promote differentiation into monocytes7,30,41–43. Granulopoiesis starts after GMP 

cells have committed to the granulocyte lineage, where they differentiate into 

neutrophil, eosinophil or basophil9,30,36, this differentiation process happens in 6.5 

days31,44. During the myeloblast stage, low concentrations of PU.1 and higher of 

C/EBP-α promote transition to the promyelocyte stage (Figure 1.1)7,38,42,43. It can be 

said that neutrophil differentiation starts at the myeloblast stage45,46. 
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There is a tight balance between granulopoiesis, retention in the bone marrow and 

release of neutrophils into the bloodstream and it can be described as steady-state or 

emergency granulopoiesis; the former is described as homeostatic granulopoiesis in 

healthy individuals, while the latter happens upon severe infection or inflammatory 

responses3,30,40,46. The choice of granulopoiesis depends on the strength, type and 

duration of activating factors7,9,46  

 

Figure 1.1: Neutrophil development schematic. Development stages starting with myeloblast stage. 

Promyelocyte stage shows increased expression of azurophilic (primary) granule components. Specific 

(secondary) granule proteins are expressed at the end of the promyelocyte stage and continue being 

expressed through the Myelocyte stage. Gelatinase (tertiary) granules are produced during the 

metamyelocyte stage. Finally secretory vesicle proteins are expressed through the metamyelocyte and 

neutrophil stage. Most prominent proteins of each granule and transcription factors are shown below 

the schematic and bars show the times they are highly expressed. Adapted from Yin et al.33, Borregaard 

et al.47, Sollberger et al.46, Rosales40. 

During steady-state granulopoiesis, C/EBP-α is required in early stages of neutrophil 

development, it is involved in the transition from CMP to GMP41,42. C/EBP-ε and Gfi-1 

are required for maturation and generation of neutrophils  and eosinophils from GMP 
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cells33,37,41,42,46, acetylation of C/EBP-ε and downregulation of GATA-1 induce 

differentiation into a neutrophil7,33,37,46, whereas expression of GATA-1 promotes 

differentiation into an eosinophil45,48. Gfi-1 and C/EBP-ε control the transition from 

promyelocyte to myelocyte stage (Figure 1.1)7,33,46,47 .  

During emergency granulopoiesis, induction of C/EBP-β drives neutrophil 

differentiation, this transcription factor has been shown to promote granulopoiesis 

even in the absence of C/EBP-α during emergency granulopoiesis7,46,49. Retention and 

release of neutrophils in the bone marrow is regulated by a complex interaction 

between chemokines and receptors, this will be explained in more detail in section 

(1.2.3) 

1.2.2 Ultrastructural changes in developing neutrophils 

Neutrophil development is characterised by changes in the structure and compaction 

of their nucleus. Myeloblast and promyelocyte stages are characterised for having a 

nucleus with open chromatin covering most of the cytoplasm44. Transmission electron 

microscopy images have shown presence of various mitochondria in the cytoplasm, 

nucleoli in the nuclei and azurophilic granules in promyelocyte cells38,44. 

Later on, differentiation into myelocyte and metamyelocyte stages shows a reduction 

in nuclear size, however, chromatin has an open conformation and nucleolar 

structures can still be found44. Finally, across the band cell and mature neutrophil 

stages, there is a reduction in nuclear size together with lobulation of the nucleus an 

increase in chromatin compaction (Figure 1.1)50,51. These cells lack nucleoli structures 

and have fewer mitochondria38. These changes have been related to changes in the 

structure of nuclear lamina, showing high expression of Lamin A/C and low expression 

of Lamin B1 and 2 during myeloblast and promyelocyte stages52,53. Mature neutrophils 

show a shift in the conformation of their nuclear lamina, showing decreased 

expression of Lamin A/C and an increase expression of Lamin B2 and lamin B 

receptor52,54,55.  

1.2.3 Neutrophil granules 

Neutrophils store a variety of antimicrobial substances in their granules, ready to be 

released into the extracellular space or the phagosome31. Depending on the content 
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and time of their production they are called primary (azurophilic), secondary (specific), 

tertiary (gelatinase) or secretory vesicles7,56–58. The ‘target by timing’ model is the most 

accepted hypothesis of how granules are made57. This model suggests that proteins 

in granules are transcribed at a specific time of granulopoiesis, rather than being made 

at similar times and then sorted into different granules56,59      

Azurophilic granules are formed during the myeloblast and promyelocyte stages 

(Figure 1)37,56, myeloperoxidase (MPO), neutrophil elastase (NE), cathepsin G 

(CTSG), and CD63 being the predominant contents of this granule47,60,61. They are the 

last granules to be mobilised upon activation and can be secreted to the extracellular 

space from the plasma membrane or fused with the phagosome to release the 

antimicrobial substances31,39,40,62. α-Defensins and azurocidin are also components of 

the primary granules and have a broad microbicidal capacity, they can also function 

as chemoattractant for monocytes, CD4+ and CD8+ T cells7. 

Specific granules are generated during the myelocyte and metamyelocyte stages of 

granulopoiesis37,63. Lactoferrin (LTF), neutrophil gelatinase-associated lipocalin 

(NGAL), NOX complex proteins and CEACAM8 (CD66b) are the main components of 

these granules40,60,63,64. These granules are easier to mobilise compared to azurophilic 

granules, and their antimicrobial peptides can be released extracellularly or mixed with 

azurophilic granules in the phagosome31,40,58,65 

Gelatinase granules are formed during the metamyelocyte and band cell stage56,66. 

They are the first granules to be mobilised upon contact with the endothelium33. They 

contain membrane receptors such as ITGAM (CD11b), CD177, fMLF-R and 

antimicrobial peptides; arginase 1, gelatinase and MMP-956,60,66. These granule 

proteins are involved in the attachment and rolling process of neutrophils7,39   

Secretory vesicles are the last ones to be formed and contrary to the granules, they 

do not come from the Golgi47,58, they are made by endocytosis of the plasma 

membrane44,60. They contain membrane receptors (eg. CD10, CD11b, CD15, CD16, 

and MMP-25)64,65,67,68. They release their content easily after sensing a chemotactic 

gradient to aid in the attaching of neutrophils to the endothelium7,39. 
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1.2.4 Neutrophils and cytokines 

Neutrophils are regulated by gradients of chemokines and cytokines throughout their 

life span7,39. During their maturation in the bone marrow (BM), neutrophil express the 

chemokine receptor CXCR4 which binds to CXCL12 to retain the neutrophil in the 

BM9,69. G-CSF is the main growth factor involved in the maturation of neutrophils7,29,70
 

and is also involved during emergency granulopoiesis to increase neutrophil 

numbers7,30,69
. Neutrophils are released into the bloodstream by increasing expression 

of the membrane receptor CXCR2; which in turn cause downregulation of CXCR4 

leading to  their release from the BM7,8,70. Once in the blood stream, gradients of 

cytokines will guide the neutrophil to sites of infection or injury, and further prime 

neutrophils to carry out their antimicrobial activity (e.g. phagocytosis, respiratory burst, 

degranulation and release of neutrophil extracellular traps (NETs)6,31,39. 

During inflammation, neutrophil behaviour is dictated by the cytokines surrounding 

them. TNF-α directs the neutrophil to sites of inflammation through upregulation of 

intracellular adhesion molecules, and primes them for degranulating and to sustain 

respiratory burst7,29. CXCL8 (IL-8) is the most common chemoattractant for 

neutrophils, it also enhances adhesion to the endothelium and promotes degranulation 

and the respiratory burst29,69,71. Leukotriene B4 (LTB4), C5a and fMLF increase 

expression of adhesion molecules facilitating migration through the endothelium, 

these chemokines also prime neutrophils for an enhanced respiratory burst, 

degranulation and (NETs) release33,68.  

However, during inflammation, neutrophil can also transcribe cytokines de novo to 

further signal for either an anti-inflammatory or pro-inflammatory outcome68. CXCL8 

(IL-8) is the most abundant cytokine produced by neutrophils and is released after 

exposure to various stimuli, including LPS, IL-1 and TNF29, this allows recruitment and 

activation of neutrophils to enhance the inflammatory response32,69,72. During 

inflammation, neutrophils enhance T-cell activity and promote proliferation of B-cell by 

releasing the pro-inflammatory cytokines IL-1α and IL-1β29,65, moreover, activation by 

TLR2 agonist induce IL-6 release which also enhance B and T-cell activity29,72.  

Neutrophils have been shown to promote NK cells cytotoxicity and cytokine 
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production, as well as, proliferation of cytotoxic T-cells and T-helper cells, via IL-12 

and MIP1-α29,72,73 On the other hand, neutrophils are also capable to produce anti-

inflammatory cytokines to suppress an inflammatory signal74. Release of IL-6 can also 

work as an anti-inflammatory signal by inhibiting the production of IL-1α and TNF-α 

29,72,74.    

1.2.5 Neutrophil receptors 

Neutrophil express a wide variety of receptors on their plasma membrane to recognise 

different PAMPs and DAMPs. The adhesion receptors L-selectin (CD62L) and ITGAM 

(CD11b) are involved in the interaction with the endothelium, mediating the rolling 

process of neutrophils39,40,75. The chemokine receptors BLT1, C5aR and 

chemoattractant receptor FPRs are involved in migration and priming of neutrophils 

upon contact with gradients of LTB4, C5a and fMLF76. C-type lectins such as CLEC5A, 

Dectin-1 (CLEC7A) and Mincle (CLEC4E) are non-opsonic receptors that recognise 

PAMPs like β-glucan and trehalose dimycolate from fungal and bacterial walls16,21,75, 

while CD16, CD11b and C5aR recognise opsonised bacteria and fungus promoting 

phagocytosis of the pathogens by neutrophils3,31,65,75. 

1.2.6 Neutrophil respiratory burst 

The neutrophil respiratory burst is defined by the release of reactive oxygen species 

(ROS) to the extracellular space or the phagosome to kill pathogens. The oxidative 

burst is catalysed by the multicomplex membrane associated enzyme NADPH 

oxidase35. The complex consists of the electron transferring oxidase gp91phox and 

p22phox (cytochrome b558), and phosphoproteins (p40phox, p47phox and p67phox) and two 

GTP-binding proteins (Rac2 and Rap1a)34,35,77. In unprimed cells, the heterodimer of 

gp91phox and p22phox are bound to the membranes of specific granules, secretory 

vesicles and plasma membrane35,64,77, while the trimeric complex of phosphoproteins 

is found in the cytosol35,77. Upon activation, p47phox gets phosphorylated and binds to 

p22phox, simultaneously Rac2 gets activated by the exchange of GDP to GTP and 

binds gp91phox forming the NADPH complex35,78,79, allowing the production and 

release of superoxide anions (O-
2) into the extracellular space or into the 

phagosome34,35.   
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NADPH is the electron donor for the production of superoxide anion (O2
- ) from O2

35,80.  

Superoxide is not a strong oxidant but is rapidly dismutated to hydrogen peroxide 

(H2O2) by the enzyme superoxide dismutase (SOD)35,68,77. Moreover, MPO can 

convert H2O2 into hypochlorous acid (HOCl), a stronger oxidant that is mainly 

produced in the phagosomes of neutrophils, and in the extracellular space34,81. MPO 

can directly convert superoxide into singlet oxygen35,40,61    

These reactive oxygen derivatives diffuse through pathogen membrane and damage 

their DNA and proteins35,40.  Deficiencies in NOX2 cause severe bacterial and fungal 

infections as seen in the rare genetic disease chronic granulomatous disease (CGD), 

where components of the NOX2 complex have mutations and their neutrophils fail to 

produce ROS35,68,81,82. 

1.2.7 Neutrophil extracellular traps 

Another way neutrophils can stop the spreading of pathogens is through a particular 

form of cell death were neutrophils release their chromatin associated with 

antimicrobial peptides from their granules67,83; these structures resemble a net and 

therefore are termed neutrophil extracellular traps (NETs)83. They prevent 

dissemination of pathogens84,85 and have also been suggested to kill microbes by the 

antimicrobial activity of the histones and granular enzymes covering the DNA86. 

Production of ROS is required for the formation and release of NETs against most of 

the stimuli81,86, and CGD neutrophils do not form NETs81. In addition to ROS, 

neutrophil elastase (NE) is required for NET formation as it is involved in cleaving 

histones during nuclear decompaction and is part of the released NET where it 

function as an antimicrobial peptide83,85,87. NET formation is also regulated by microbe 

size: neutrophils will try to phagocytose the pathogen, however, in the case of large 

pathogens such as filamentous fungi, which are too large to be engulfed, neutrophils 

decrease phagocytic activity and trigger NET formation, thus preventing pathogen 

dissemination13,88,89.  

Excessive production of NETs and faulty clearance can be detrimental to the host; 

histones are toxic to endothelial cells39, additionally, NETs have been implicated in the 

development of some diseases such as cancer, vasculitis, and systemic lupus 

erythematosus (SLE)40. For instance, NETs have been shown to interact with platelets 
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in the bloodstream causing thrombus formation90, moreover, SLE patients develop 

autoantibodies against histones, neutrophil peptides and DNA and these 

autoantibodies make neutrophils more prone to NET39,40,86. Similarly, a study made by 

Albrengues and colleagues91 showed that NET formation caused by sustained 

inflammation was able to modify laminin and awaken dormant cancer cells. 

1.2.8 Neutrophils in health and disease 

Neutrophil activity can also be deleterious for the host and excessive activity has been 

related to the development of systemic lupus erythematosus, rheumatoid arthritis and 

type 1 diabetes35. During severe pneumonia, dysregulation in cytokine production and 

clearance of the pathogen cause an overflow of neutrophils into the airways causing 

the development of acute respiratory distress syndrome (ARDS)92. During 

hyperglycaemia and hyperlipidaemia, neutrophils respond to high levels of glucose in 

blood and become primed; which can lead into stronger pro-inflammatory responses8. 

This could be seen by increased CD11b expression, elevated ROS production and 

MPO release; which may contribute to cardiovascular and adipose tissue 

inflammation, and diabetes8. 

On the other hand, neutrophil activity is necessary for a proper antimicrobial response, 

and it has also been involved in inflammation resolution93. In controlled pulmonary 

infection, neutrophils are recruited to the airways and resolution of inflammation is 

initiated by neutrophil apoptosis and clearance by macrophages92, which then 

polarises macrophages into an anti-inflammatory state. Moreover, neutrophils are 

required for proper innate immune response, this can be seen in patients with severe 

congenital neutropenia, who suffer from life-threatening bacterial and fungal 

infections32.  

1.3 Ataxia telangiectasia  

Ataxia Telangiectasia (A-T) is an autosomal recessive genetic disorder, considered to 

be a primary immunodeficiency disease (PID), with an incidence of 1 in 40,000-

100,000 births. It is caused by a biallelic inactivation of the Ataxia Telangiectasia 

Mutated (ATM) gene, located on chromosome 11q22c94, which codes for a kinase that 

is important in the DNA Damage Response (DDR). 
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A-T has broad phenotypic heterogeneity and is characterised by 

immunodeficiencies95, cerebellar dysfunction95, oculocutaneous telangiectasia, 

predisposition to lymphomas and leukaemias96, and metabolic disorders95,96. A-T 

patients also suffer from other abnormalities such as growth failure, insulin resistance, 

diabetes, lung disease, cutaneous abnormalities and cardiovascular disease95,96. A-T 

patients have a poor prognosis, and their life expectancy is around 25 years, with the 

two most common causes of death being chronic obstructive pulmonary disease 

(COPD) and malignancies95. 

The early signs of ataxia and ocular telangiectasia as well as high levels of α-

fetoproteins, carcinoembryonic antigen expression and low serum immunoglobulins 

can help lead to an early diagnosis of A-T95–98. Currently there is no treatment for this 

disease and early diagnosis aids providing of palliative care to the patients99.  

The majority of the mutations in the ATM gene lead to a truncated protein which 

causes complete inactivation or elimination of the protein; other missense or splicing 

variations lead to a residual ATM kinase activity. These cases cause milder 

phenotypes and patients are diagnosed during their adulthood. Most of the ATM 

variants are nonsense mutations (90%) while 10% are missense99.  

The major clinical manifestations in patients with ATM mutations are 

neurodegenerative processes98. The onset of spinocerebellar neurodegeneration 

occurs around 6 to 18 months of age95. and is related to atrophy of the cerebellar 

vermis, especially Purkinje cells and granule neurons100.  

A-T patients show a significant increased risk of developing cancer. The most 

prevalent type of cancer among A-T patients are leukaemias and lymphomas 

occurring at a young age95,97,101. However, adults are also susceptible to lymphomas 

as well as solid tumours including liver, breast, gastric and oesophageal 

carcinomas101. Another cause of susceptibility to malignancies is due to the Epstein-

Barr Virus (EBV), this being due to immunodeficiency and poor DNA repair95,96. 

Treatment of malignancies can be difficult since chemotherapy can worsen the 

immunodeficiency phenotype98. 
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A minority of A-T patients suffer from insulin resistant diabetes; however, non-diabetic 

patients may have increased glycaemia and decreased insulin sensitivity97,102.  A study 

carried out by Connelly et al tested A-T patients against healthy controls using a 

glucose oral test and found that A-T patients were associated with dysglycaemia and 

reduced insulin sensitivity103. This suggests that ATM might play a role in glucose and 

insulin signalling pathways. 

1.3.1 Immunodeficiency in A-T patients 

Some studies suggest that 80% of A-T patients suffer from infections, especially in the 

sinopulmonary region with onset in the early years of life97,98. Some complications that 

patients develop are otitis, pneumonia and mucocutaneous infections (e.g. S. aureus, 

Candida)97,98, along with autoimmunity, hepatosplenomegaly and in rare cases 

neutropenia86,97,104.   

Generally these patients have low numbers of B and T cells (lymphopenia), deficiency 

in antibody production and hypogammaglobulinemia95 Approximately 70% of A-T 

patients present primary immunodeficiencies (PID) due to impaired antigen receptor 

recombination, class switch recombination (CSR) and antibody production95.  

1.3.2 Innate immunity and inflammation in A-T 

Few studies have been done regarding the innate immune system of patients with A-

T and it remains unclear if innate deficiencies exist in these patients. Clinical studies 

have shown similar blood number of neutrophils between healthy donors and A-T 

patients95,97. One study found that neutrophils from A-T patients have an increased 

production of the chemokine IL-8 and a longer lifespan82. A second study performed 

RNAseq in peripheral blood mononuclear cells from A-T patients and found that 

signature genes for inflammation, malignancy and cell growth were enriched in these 

cells, furthermore, they found an association with patients that had elevated IL-8 levels 

in serum with a higher risk of malignancy after 6 years105. It has been shown that 

approximately 10% of A-T patients suffer from non-infectious chronic cutaneous 

granulomas. Treatment of these granulomas rely on steroids and inhibitors of tumour 

necrosis factor (TNF-α)98.  
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1.4 Ataxia telangiectasia mutated  

Ataxia telangiectasia mutated (ATM) kinase is a member of the phosphatidylinositol 

3-kinase-related kinase (PIKK) family and is involved in the coordination of DNA 

damage response (DDR)106–108. Under normal conditions, ATM is found in a dimeric 

or multimeric inactive state. Following interaction with the MRE11-RAD50-NBS1 

(MRN) complex after sensing of double-strand breaks (DSBs), activation of ATM 

occurs through autophosphorylation at serine 1981 of each subunit promoting 

dissociation from the dimeric state to an active monomeric state106,109. Moreover, ATM 

can also be active in its dimeric form when ROS crosslinks cysteine residues forming 

disulphide bonds and activates ATM independently of DDR110–112.  ATM is the apical 

kinase for the response to DSBs; it coordinates DNA repair mainly in heterochromatic 

regions through non-homologous end joining (NHEJ) processes preferentially in G1, 

although it can also act throughout the cell cycle by promoting homologous 

recombination (HR)107,113–116 (Figure 1.2).  

Ataxia-Telangiectasia (A-T) patients bear mutations in the ATM gene causing impaired 

DDR signalling108. ATM-deficient cells are impaired in establishing cell/cycle 

checkpoints (G1/S-G2/M)107, and therefore these cells show increased susceptibility 

to ionising radiation and genome instability106. In addition to disruptions in DDR, 

various structures are seen to be disturbed in the absence of ATM; for example, 

numbers of mitochondria are increased in these cells apparently due to a defective 

destruction of abnormal mitochondria rather than an enhanced biogenesis110. In 

addition, the nuclear lamina has been observed to be affected in ATM-deficient cells, 

showing an increase in Lamin B protein but not in mRNA levels in A-T cells106.  

1.4.1 ATM role in DNA damage response 

It is noteworthy that ATM is capable of regulating the chromatin compaction state 

through post-translational modifications in chromatin modifying enzymes, which 

reorganise chromatin architecture near the DSB to allow an efficient DNA repair112. 

ATM works throughout the cell cycle and mainly relies on non-homologous end joining 

(NHEJ) to fix DSB, however during S/G2 phase, ATM can also rely on homologous 

recombination (HR) to fix DNA damage117. During DDR, phosphorylation of KRAB 
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domain-associated protein 1 (KAP1) at serine824 disturbs its interaction with the 

chromodomain helicase DNA binding protein isoform 1 (CHD3.1) causing chromatin 

relaxation112.   

 

Figure 1.2: Schematic of ATM activation by DSBs. Ionising radiation and reactive oxygen species can 

cause double strand breaks in the DNA. MRE11-RAD50-NBS1 (MRN) complex binds to the site of 

break and phosphorylates ATM which gets activated and phosphorylates downstream substrates to 

carry on with the repair of the DNA damage, either by homologous recombination or non-homologous 

end joining. Adapted from Blackford et al.107 and Berger et al.112 Created using Biorender. 

In neurons, SIRT1 is recruited to DSB foci to further stimulate ATM and histone 

deacetylase 1 (HDAC1). HDAC1 is required to keep a closed conformation at the 
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beginning of the process; this allows the broken DNA ends to be retained and halts 

transcription in the vicinity avoiding transcriptional stress118,119.  

 

1.4.2 ATM in chromatin remodelling 

ATM has been implicated in regulation of chromatin state, independently of DNA 

damage120. For instance, in A-T cells defective activity of protein phosphatase 2A 

(PP2A) has been seen to increase histone deacetylase 4 (HDAC4) hypo 

phosphorylation, causing it to relocate in the nucleus and result in increased 

deacetylation and aberrant gene expression,  due to condensation of chromatin and 

repression of transcription106,121. Another study showed that inhibition and depletion 

by siRNA of ATM lead to an increase in the repressive histone mark H3K9me3 and an 

increase in chromatin compaction in NIH3T3 cells122. Similarly, another group reported 

that, under hypoxic conditions, ATM interaction with the methyltransferase SUV39H1 

increases the expression of the repressive mark H3K9me3123. ATM activity is required 

to activate downstream enzymes capable of modulating chromatin structure as seen 

in this section. 

1.4.3 Non-canonical roles of ATM 

There is evidence to show that ATM can be activated without DNA damage through 

other signals such as: chromatin hyperacetylation109, direct binding to DNA106, reactive 

oxygen species (ROS)111 and interaction with Aurora B kinase113,124,125. Ji and 

colleagues126 demonstrated ATM activation in the absence of DNA damage through 

chromatin opening by the SWI/SNF complex. This activation halts hepatic cell 

conversion of induced pluripotent stem cells (iPSC)126. In addition, ATM is also linked 

with recruitment of the polycomb repressive complex 1 and 2 (PRC1 and PRC2), as 

well as in microRNA(miRNA) biogenesis110,112. Tresini et al propose a model where 

the formation of R-loops activates ATM to mobilize the spliceosome machinery and 

regulate alternative splicing during transcriptional stress127. 

Aside from its canonical role in DDR and chromatin remodelling, it has been suggested 

that ATM is implicated in metabolic pathways such as the pentose phosphate pathway 

(Figure 1.3); this pathway is involved in the production of antioxidants (eg. superoxide 
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dismutase [SOD] and glutathione) as well as synthesis of nucleic acids128.  Gregory et 

al found lower activity of glucose 6-phosphate dehydrogenase (G6PD) enzyme in ATM 

deficient cells110,129; this enzyme is essential to maintain redox homeostasis by 

producing NADPH in the oxidative part of pentose phosphate pathway128. New 

evidence suggests a background role for ATM in signalling processes in the cytoplasm 

and its involvement in proteasome degradation110,130.  

 

Figure 1.3: Schematic of ATM non-canonical roles. ATM can be found in the nucleus and the cytoplasm 

of the cell. In the nucleus it can remodel the chromatin in the absence of DNA damage. In the cytoplasm 

it can be activated by reactive oxygen species and be involved in homeostasis of mitochondrial 

biogenesis, promote autophagy and pentose phosphate pathway. Adapted from Stracker et al106 and 

Shiloh et al110. Created using Biorender. 
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1.4.4 ATM DDR in innate immunity 

Different roles for DDR and ATM have been reviewed by Neves-Costa and Moita131. 

DNA damage in early stages of Caenorhabditis elegans development, prime the adult 

tissue to further tolerate and increase survival against lethal conditions131. Similarly, 

they reviewed studies where ATM is involved in cytokine inhibition and downstream 

signalling of TLR activation by LPS131. Moreover, different roles for ATM in immunity 

and inflammation have been previously shown, with contrasting outcomes, from 

promoting secretion of pro-inflammatory cytokines to downregulating inflammatory 

mediators82,131–134. 

A study by Figueiredo and colleagues132 showed treatment with anthracyclines, a DNA 

damage agent protect mice against severe sepsis. They found ATM was needed to 

promote disease tolerance in a sepsis model caused by cecal ligation and puncture. 

Treatment with anthracycline, a chemotherapy drug known to activate ATM through 

DNA damage, increased mice survival to sepsis. Disease tolerance was associated 

with decreased pro-inflammatory cytokine release and similar bacteria burden 

compared to PBS treated mice. The protective effect of anthracycline was decreased 

in mice lacking ATM, showing ATM was required for protection against sepsis in 

anthracycline treatment132.  

A study by Härtlova and colleagues134 showed an increase in interferon production in 

cells lacking ATM, they demonstrated this was not directly caused by the loss of ATM, 

but by unrepaired DNA being released to the cytosol as ssDNA and recognised via 

STING, which further primed the immune system against viral infections134. On the 

other hand, a study made by Erttman and colleagues133 showed enhanced bacterial 

susceptibility in mice lacking ATM. Enhanced ROS was seen in bone marrow derived 

macrophages from ATM-/- which cause impairment in inflammasome formation leading 

to reduce production of IL-1β133. 

Lastly, a role for ATM in neutrophil lifespan and cytokine production was studied by 

Harbort and colleagues82. They showed inhibition of ATM cause increased neutrophil 

lifespan and cytokine production (IL-8, MIP-1α, IL-1β, IL-6 and TNF) against LPS and 

IL-8 increase production was also seen in A-T peripheral blood neutrophils treated 

with LPS82. They further showed induction of DNA damage decreased IL-8 production 
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against LPS, Finally, they showed NADPH ROS production was required for ATM 

activation and regulation of IL-8 production, neutrophils from CGD patients showed 

increased IL-8 production compared to healthy controls. Similarly, neutrophils treated 

with a ROS scavenger also showed increased IL-8 production. They showed induction 

of DNA damage with etoposide in neutrophils treated with a ROS scavenger decrease 

IL-8 production82. This showed a role for ROS induced ATM activation in the regulation 

of pro-inflammatory cytokines by neutrophils. This is in our knowledge the first paper 

to study a role for ATM in neutrophil function.  

In summary, ATM is a kinase involved in many pathways as explained in this section. 

The role of ATM in redox homeostasis plays an important role in safeguarding the 

integrity of DNA, however this has not been explored in neutrophils, where production 

of NADPH from the pentose phosphate pathway is also used for the production of 

superoxide instead of glutathione substrate. Moreover, ATM’s role in chromatin 

remodelling has not been specifically related to differentiation in any cell. There is 

evidence ATM is involved in chromatin organisation120,121, therefore, there is the 

possibility ATM could be involved in neutrophil development. Since chromatin changes 

are very prominent during neutrophil development, making this an excellent model for 

testing the role of ATM in chromatin organisation. 
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CHAPTER 2: Objectives and hypothesis 

2.1 Objectives 

• Investigate the role of ATM in neutrophil antimicrobial response 

• Investigate the role of ATM in neutrophil development 

• Determine the mechanism by which ATM regulates neutrophil antimicrobial 

activity  

 

2.2 Hypothesis 

ATM is an apical kinase in the DNA damage response that also has non-canonical 

roles in chromatin remodelling, mitochondrial homeostasis, and metabolism. A-T 

patients are susceptible to bacterial infections but the role of ATM in neutrophil activity 

has not been tested. We hypothesized that ATM regulates neutrophil antimicrobial 

responses. Neutrophils are known to reduce mitochondrial mass and to compact their 

chromatin through development to acquire their characteristic lobulated nucleus and 

low number of mitochondria. We hypothesised that ATM is required during neutrophil 

development for chromatin compaction and a proper mitochondrial biogenesis, as well 

as defective ATM might result in dysregulation of neutrophil antimicrobial capacities, 

contributing to the immunodeficiency seen in A-T patients. 
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CHAPTER 3: Methods 

3.1 Healthy donor and patient blood 

Blood collection from healthy donors was approved by NHS REC committee. Informed 

consent was obtained from all donors. A-T patient blood samples were obtained with 

approval from the ethical committee of Charité University Hospital, Berlin, Germany 

and informed consent was given by the patient or their parents in case of 

children. Blood samples were obtained by venous puncture and collected in EDTA 

tubes. 

3.2 Neutrophil purification 

3.2.1 Negative immunomagnetic selection  

Whole blood (5ml) was processed using EasySepTM Direct Human Neutrophil Isolation 

kit (STEMCELL Technologies) and processed as per manufacturer protocol. Cells 

were counted using a haemocytometer.  

3.2.2 Gradient purification 

Human neutrophils were isolated using a double gradient step purification 82. Whole 

blood was layered carefully on top of a layer of Histopaque-1119 (Sigma) in a ratio of 

1:1. Cells were spun down at 800xg for 20 minutes with slow deacceleration. Four 

layers were visualised after centrifugation. the top two (plasma and PBMC layers) 

were discarded, the third (pink layer ”Neutrophils”) was collected in a new tube and 

discarded the last layer (red blood cells). We washed with PBS (Gibco) + 0.2% human 

serum albumin (HSA) (SEQENS) and spun down at 400xg for 5 minutes. Cells were 

resuspended in 1ml of PBS and layered carefully on top of a discontinuous percoll 

(G&E) gradient; 2ml were used for each layer, starting with highest concentration at 

the bottom (85%, 80%, 75%, 70%, 65%). Spun down at 800xg for 20 minutes with 

slow deacceleration. The first white layer was discarded, and the second layer was 

collected in a new tube, we washed once with PBS + 0.2%HSA. Spun down at 400xg 

for 5 minutes. Resuspend in 1ml of PBS and count neutrophil concentration with a 

haemocytometer.  
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3.3 Cell culture 

PLB-985 cell line was cultured in growth medium Roswell Park Memorial Institue 1640 

Medium (RPMI-1640) (Gibco) media supplemented with 10% Heat inactivated fetal 

bovine serum (FBS) (Gibco), 2mM L-Glutamine (Gibco), 100 units/ml Penicillin and 

100μg/ml Streptomycin (Gibco). Cells were passaged twice a week to keep confluency 

of 1.5-2x106/ml.  

HEK293Tcell line was cultured in Dulbecco's modified eagle medium (DMEM) (Gibco) 

supplemented with 10% FBS, 2mM Glutamine, 100units/ml Penicillin and 100 μg/ml 

Streptomycin. We kept cells at a confluency of 80%.  

3.4 PLB differentiation 

PLB-985 cell line was seeded in a 6 well plate at 1x106 cells per well in differentiation 

media; RPMI-1640 media supplemented with 2.5% FBS, 2mM Glutamine, 100units/ml 

Penicillin, 100μg/ml Streptomycin, 0.5% N,N-dimethylformamide (DMF) (Sigma) and 

1x Nutridoma-CS (Sigma)135. On day 4 of differentiation wells were topped up with 2ml 

of differentiation media. On day 6, cells were collected from the wells and spun down 

at 400xg for 5 minutes. Cells were resuspended in 1ml assay media; RPMI-1640 w/o 

phenol red supplemented with 1% FBS, 0.5% DMF and 2mM Glutamine. Cells were 

layered carefully on top of 3ml of Histopaque-1077 (Sigma) and spun down at 800xg 

for 20 min with soft deacceleration. The white top layer was collected and placed in a 

new falcon tube. Cells were washed with 10ml assay media and spun down at 400xg 

for 5 minutes. Cells were resuspended in 1ml PBS and counted using a 

haemocytometer. We added 50ng/ml doxycycline (Sigma) to the media throughout the 

differentiation process for the PLB shRNA knockdown cell line.  

3.5 Luminol measurement of neutrophil respiratory burst 

Primary neutrophils or differentiated PLB (dPLB) cells were seeded at 1x105 cells per 

well in 100μl of ROS media: Hanks' buffered saline solution (HBSS) (Lonza) with 2mM 

CaCl2 and 2mM MgCl2, supplemented with 1mM N-2-hydroxyethyl piperazine-N-2-

ethane sulfonic acid (HEPES) (Gibco) and 0.025% HSA in 96 well white plates 

(Sterilin). ATM inhibitor KU55933 (Sigma) was added to the media at a final 

concentration of 10μM before adding the cells to the media; cells were incubated in 
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media with inhibitor or dimethyl sulfoxide (DMSO)(Sigma) for 45 minutes before 

stimulation. We diluted horseradish peroxidase (HRP) (Sigma) and Luminol (Sigma) 

1:200 in ROS media, and 11μl were added to each well for a final concentration of 

1.2U/ml HRP and 50μM Luminol88. Cells were incubated at 37°C in 5%CO2 for 15 

minutes. Stimulation was carried out by adding 5μl of stimuli for a final concentration 

of; 100nM phorbol12-myristate 13-acetate (PMA)(Sigma), 50μg/ml concanavalinA 

(ConA) (Sigma), 50μg/ml trehalose-6,6-dibehenate (TDB) (Invivogen), MOI 

20 Staphylococcus Aureus (JE2), MOI 5 Candida albicans. We recorded 

luminescence measurement every 2 minutes for 121 cycles with a gain of 3600 on a 

FLUOstar (BMG Labtech) plate reader.  

3.6 Measurement of NET production 

Cells were seeded at 1x105 cells per well in black/clear bottom 96 well plates in 100μl 

NET's media; RPMI-1640 w/o phenol red supplemented with 1mM HEPES and 0.05% 

HSA. Inhibitors were added to the media, and then cells were added and incubated 

for 45 minutes before stimulation. Stimuli were added in 5μl for a final concentration 

of 50nM PMA, 50μg/ml ConA, 50μg/ml TDB. The time course of NET production was 

analysed using an IncuCyte ZOOM (Essen Biosciences) cell imaging system. We 

added SYTOXTM Green (Invitrogen) at a final concentration of 1μM for detection of 

NET formation; images were acquired every 30 minutes using a green laser (400nm 

wavelength excitation) for 4 hours. Endpoint measurement of NETs was either 

acquired on EVOS (Invitrogen) confocal microscopy or Incucyte imaging system. 1μM 

SYTOX ORANGE and 250nM SYTO GREEN were added to the plate and left to 

incubate for 5 minutes at room temperature covered from light. Images were taken at 

10x magnification using green and red channels; for Incucyte, a scan on demand was 

made to have a single time point acquisition. Images were analysed on FIJI software.  

3.7 Cytokine production and analysis 

Cells were seeded at a concentration of 1x105 cells/ml in 200μl of growth media in a 

flat bottom 96 well plate. We stimulated cells with either 100ng/ml lipopolysaccharides 

(LPS from E. coli) (Sigma), 25μg/ml Opsonised Zymosan (OZ) (Sigma), 100nM PMA, 

and 2ng/ml TNF (Peprotech) for 18 hours at 37°C 5% CO2. We collected the 
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supernatant and analysed IL-8 production using the Human IL-8/CXCL8 DuoSET 

ELISA kit (R&D Systems) following the manufacturer's instructions.  

3.8 Metabolic analysis  

Metabolic analysis was carried out on the extracellular flux analyser Seahorse XFe96 

analyser (Agilent Technologies), and experiments were run as manufacturers 

protocol. Briefly, we seeded 4x105 cells per well in Seahorse media: RPMI-1640 

(Agilent Technologies) supplemented with 2mM Glutamine and with or without 5mM 

Glucose (Sigma). We prepared a 10x working solution of Oligomycin (Alfa Aesar) 

25μM, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma) 5μM, 

Rotenone (Sigma) 10μM and Antimycin A (Alfa Aesar) 10μM, Glucose 100mM and 2-

Deoxy-D-Glucose (2-DG)(Sigma) 500mM. We loaded 10x solutions into ports (A-D) 

(20μl A, 22.2μl B, 24.7μl C and 27.4μl D). We measured the metabolites in the media 

every 5 minutes; the first three reads are the basal state of the cell before any inhibitor 

or stimuli are injected. After each injection, we made three readings every 5 minutes, 

analysing two different values; Oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR). OCR allows analysis of mitochondrial metabolism, and 

ECAR allows analysis of glycolytic metabolism.  

3.8.1 Mitochondrial stress test 

This assay analyses a cell’s oxidative phosphorylation (OXPHOS) capacity by 

quantifying the oxygen consumed by the mitochondria while being challenged with 

drugs that either block the proton flux or allow their free transfer. For this assay, we 

seeded the cells in Seahorse media with glucose and plated at the concentration 

stated before. The first three measurements represent the basal mitochondrial 

capacity of a cell. Then we injected 2.5μM Oligomycin, an inhibitor of Complex V of 

the electron transport chain that inhibits mitochondrial metabolism and allows 

measurement of ATP produced by the mitochondria. Then we injected 500nM FCCP, 

which uncouples mitochondrial membrane and allows measurement of maximal 

mitochondrial capacity. Finally, we injected 10μM Rotenone and 10μM Antimycin A; 

the former inhibits Complex I while the latter inhibits Complex III, which completely 

shuts down mitochondrial metabolism.  
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3.8.2 Glycolytic stress test 

This assay analyses a cell's glycolytic capacity by quantifying the extracellular 

acidification rate caused by the release of lactate during glycolysis. PLBs were 

resuspended in Seahorse media without glucose and seeded in each well at the 

concentration previously stated. The first three measurements show basal acidification 

of the media. At this point, cells are on glucose-free media, and glycolysis is minimal. 

Then we injected 10μM glucose and measured it three times to analyse the cell's 

glycolysis. The second injection is 2.5μM Oligomycin which inhibits mitochondrial 

metabolism and allows measurement of the maximal glycolytic capacity of the cell. 

Finally, we injected 50μM of 2-DG, an analogue of glucose blocking down glycolysis. 

3.9 CRISPR knockout generation in PLB 

pLentiCRISPRV2 construct with a puromycin selection marker (GenScript) was used. 

We had two different guide RNA targeting the ATM gene, crRNA1: 

CCAAGGCTATTCAGTGTGCG and crRNA2: TGATAGAGCTACAGAACGAA. 

HEK293T cells were transfected with each of the constructs and the packaging 

plasmids (pMD2 and pPAX2) using lipofectamine 2000 (Invitrogen). After day 3 post-

transfection, the supernatant containing the virus was collected, and aliquots were 

frozen down at -80ºC. PLB-985 were plated at 1x106 cells in a 6 well plate with 3ml of 

medium and 500μl of the virus. On day 2 post-infection, we added puromycin at a final 

concentration of 2.5mg/ml to each well, including the uninfected one as control, 3 days 

later, we split the cells 1:3 in RPMI media supplemented with puromycin to dilute cell 

debris and allowed cells to grow better. When cells started to grow better, puromycin 

was removed, and cells were diluted in 35 ml of RPMI to a final 8 cells/ml 

concentration. Cells were plated in 96 well plates for the single-cell cloning step. After 

2 weeks we looked for the wells where cells grew, took a mix of fast and slow-growing 

colonies and plated them in new 96 well plates (duplicate). Thirty-two clones were 

selected for ATM crRNA1 and crRNA2, one of the plates was frozen down at -80ºC, 

while we used the other to extract DNA of the cells for further sequencing.  

To sequence our single clones, we followed Schmid-Burgk protocol136. Firstly, we 

amplified a locus-specific region (300bp-400bp) using primers targeting 150bp 

upstream and downstream of the gRNA site of recognition. Afterwards, we use our 
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locus-specific PCR product as a template to carry out a barcoding PCR using a 

combination of eight forward primers and 12 reverse primers mentioned in136. Finally, 

we use outknocker software136 to analyse each single clone sequence to look for 

insertions or deletions in the specified region. Primers sequences are shown in table 

(Table A5)  

3.10 Generation of inducible shRNA knockdown in PLB 

We followed Frank and colleagues' protocol137 to generate a doxycycline-inducible 

shRNA lentiviral vector. We used EZ-Tet-pLKO-Puro vector137 as a template. Firstly, 

we digested 5μg of the vector with 20 units of the restriction enzymes NheI-HF and 

EcoRI-HF (NEB) in a 50μl digest reaction at 37ºC for 3 hours and enzymes were heat-

inactivated at 80ºC for 20 minutes. The cut vector was then dephosphorylated for 30 

minutes at 37ºC using 5 units of Antarctic Phosphatase (NEB) and the digest reaction 

supplemented with AP buffer; the reaction was stopped by heat-inactivation at 80ºC 

for 5 minutes and dephosphorylated cut vector was diluted with water to a final volume 

of 200μl. Next, we purify the dephosphorylated cut vector with polyethylene glycol 

(PEG) (Sigma) to size exclude the stuffer region. Then, we made a 2x mix of 12%(w/v) 

PEG-8000 and 20mM Magnesium Chloride and added 1:1 to the dephosphorylated 

cut vector. We mixed gently by inversion and left to incubate at room temperature for 

1 hour. After incubation, we spun down the mix at 15,000xg for 40 minutes in a 

benchtop centrifuge, then we discarded the supernatant and added 500μl of 70% 

ethanol (Sigma) to wash the pellet and span down at 15,000xg for 10 minutes. Next, 

we aspirated the ethanol and repeated once more the wash step. After the second 

wash, we aspirated the ethanol, and the DNA pellet was allowed to air dry. Then, the 

pellet was resuspended in 50μl of RNase free water and quantified using a nanodrop 

(Thermo Fisher Scientific).  

We chose sequences from the BROAD RNAi Consortium database 

(https://portals.broadinstitute.org/gpp/public/gene/search) for shRNA oligo design. We 

selected three different ATM shRNA target sequences: ATM shRNA1 

(TRCN0000194969), ATM shRNA2 (TRCN0000039951) and ATM shRNA3 

(TRCN0000194861). Oligos were designed as described in137 and ordered from 

Eurofins Scientific (Table A5). We resuspended shRNA oligos at 100μM in duplex 

buffer (100mM Potassium Acetate, 30mM HEPES, pH7.5). We then mixed 20μl of 

https://portals.broadinstitute.org/gpp/public/gene/search
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each oligo and annealed using a simpliamp thermal cycler (Thermo Fisher Scientific) 

with a program set to start at 95ºC and drop 5ºC/minute down to 12ºC. Next, we 

resuspend the annealed oligos to 360μl with water. We precipitated annealed oligos 

by adding 40μl of 3M sodium acetate and 1 ml 100% ethanol and incubated at -20ºC 

for 20 minutes. DNA was spun down for 30 minutes at 15,000xg in a benchtop 

centrifuge, washed twice with 70% ethanol and resuspended in 500μl water and 

quantified using a nanodrop. To phosphorylate oligos overhangs, we added 10 units 

T4 polynucleotide kinase (NEB) and 50μl T4 ligase reaction buffer (NEB) to the oligos 

mix and incubated at 37ºC for 30 minutes and heat-inactivated at 65ºC for 20 minutes.  

Ligation was performed by adding 100ng of vector (digested and dephosphorylated), 

800ng phosphorylated oligos and 5 units of T4 DNA ligase (Thermo Fisher Scientific) 

in 5x Rapid ligation buffer (Thermo Fisher Scientific) topped up to 20μl with water. We 

also use a vector-only reaction as a control for incomplete digestion or re-ligated vector 

derived colonies. First, we incubate the mix at 22ºC for 15 minutes. Next, 2μl of the 

reaction was transformed into 50μl NEB-stable competent E.coli (NEB) and incubated 

30 minutes on ice, then heat shocked at 42ºC for 30s and return to ice for 1 minute. 

Then, 950μl of 10-β/stable outgrowth medium (NEB) was added and cells were 

allowed to recover with shaking 250rpm at 37ºC for 30 minutes. Then, 100μl were 

plated onto a LB-agar plate with 100μg/ml ampicillin and incubated overnight at 37ºC.  

Colonies were PCR screened for successfully ligated clones. We used primers as 

stated in137: FWD-pLKO ATTAGTGAACGGATCTCGACGG and REV-pLKO 

AACCCAGGGCTGCCTTGG. We picked colonies with a 10μl pipette tip and mixed in 

a PCR tube with 8μl 5 Prime Master mix (Quantabio), 4μl FWD and REV primers mix 

and 8μl water. Thermal cycler program was set as follows: 1x [95ºC for 2 min], 35x 

[95ºC for 30s, 68ºC for 45s] and 1x [72ºC for 1 min]. Positive clones were miniprep 

using GeneJet Plasmid Miniprep kit (Thermo Fisher Scientific), and DNA was digested 

using the SpeI (NEB) restriction enzyme following the manufacturer's protocol. Briefly, 

3μg DNA was digested with 10 units SpeI in 50μl cutsmart buffer for 1 hour at 37ºC, 

and we ran the digest in a 2% agarose gel. Confirmed positive clones were sequenced 

using FWD-pLKO ATTAGTGAACGGATCTCGACG primer. Lentiviral production and 

infection were carried out as described in (3.9). 
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3.11 Bacterial killing assay 

To analyse the killing ability of differentiated PLB cells or human neutrophils, we 

seeded 2.5x106 cells in 500μl HBSS without Ca+ and Mg+. In addition, ATM inhibitor 

KU55933 (Sigma) was added to neutrophils at 10μM and incubated for 45 minutes 

prior to mixing with bacteria.  

Staphylococcus aureus strains (JE2, SH1000 and Newman) were obtained from 

Professor Ruth Massey (Bristol University) S. aureus was grown overnight at 37ºC 

with shaking 250 rpm in Tryptic soy broth (TSB). Then bacteria was diluted 1:20 in 5ml 

fresh TSB and left to incubate and shake at 37ºC for 60 to 90 minutes until OD600 

was between 0.6-0.7. Bacteria were harvested at 2500xg for 10 minutes and washed 

three times with HBSS. We resuspend bacteria in 5ml HBSS and for a concentration 

~1x106 cells/ml, diluted 1:500 in double strength buffer (HBSS + 2mM CaCl2 + 2mM 

MgCl2 + 10% pooled serum) and incubated at 37ºC with rotation to opsonise S. 

aureus.  

We added 500μl S. aureus onto the 500μl of dPLB or primary neutrophil for an MOI 

0.223, mixed and incubated with rotation at 37ºC for 4 hours. We removed 50μl aliquots 

at 0, 60, 120, 180 and 240 minutes, plated them in 96well plates, and performed ten-

fold serial dilutions until 10-6 and plated out in duplicate in Tryptic soy agar plates. We 

incubated the plates for 16-18 hours at 37°C, and colonies were counted to calculate 

colony forming units (CFU). 

3.12 Neutrophil panel staining for flow cytometry 

We plated either 100μl of whole blood or 5x105 neutrophils in a U-bottom 96 well plate 

to analyse neutrophil phenotype. First, we added 100μl PBS and spun down at 400xg 

for 5 min. Then, we added 25μl Fc Block and incubated on ice for 5 minutes, then 

added 25μl of antibody mix (CD10, CD11b, CD14, CD15, CD16, CD62L, CD63, 

CD66b, IL5-R, CXCR4, CXCR2 all of them 1:50 in MACS buffer), antibody 

manufacturer and concentration are shown in (Table A4). Samples were incubated on 

ice for 30 minutes covered from light. Next, we washed with 100μl MACS buffer, spun 

down at 400xg for 5 minutes, and repeated this step once more. If the initial sample 

was whole blood, made three washes in 100μl ACK lysis buffer to eliminate red blood 

cells, spun down at 400xg for 5 minutes and resuspended in 50μl 4%PFA. We 
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incubated at room temperature covered from light for 15 minutes. Washed twice and 

spun down at 400xg for 5 minutes. Finally, resuspended in 200μl MACS buffer and 

stored at 4°C covered in foil until analysis. We used the flow cytometer LSR Fortessa 

X20 (BD Biosciences), and gate for single events and side scatter area high (SSC-A 

high) to analyse neutrophil population. We acquired at least 10,000 events for 

neutrophil panel staining, pHrodo and bacteria engagement and degranulation. We 

analysed data on FlowJo (FlowJo LLC).   

3.13 Bacterial engagement and degranulation 

Bacteria were harvested at 1x109cells/ml and heat-killed for 1 hour at 100°C. Bacteria 

were washed twice in HBSS w/o Ca+ and Mg+ and further opsonised with double 

strength buffer for 15 minutes at 37°C. Bacteria were washed three times in HBSS w/o 

Ca+ and Mg+ and resuspended in 1ml PBS with 1μl Cell Trace Violet (Invitrogen) for 

fluorescent tagging. We incubated at 37°C for 20 minutes, mixing occasionally. We 

spun down the cells at 2500xg for 10 minutes, washed once in PBS, and resuspended 

in 1ml of RPMI-1640 w/o phenol red with 2mM Glutamine (RPMI + Q).  

We seeded either human neutrophils or dPLB at 2x106 cells/ml in 500μl of RPMI + Q 

and add 5μl of bacteria for an MOI 100. We incubated the mix of cells and bacteria 

with rotation at 37°C for 1 hour, taking 100μl aliquots at 0, 10, 30, 45, 60 minutes, and 

plated them in a 96 well plate on ice with 50μl ROS stop buffer (1x PBS + 10mM 

EDTA). Next, we spun down the plate at 400xg for 5 minutes and resuspended the 

cells in 25μl Fc Block (1:200 in MACS buffer; PBS + 2mM EDTA + 1% bovine serum 

albumin (BSA) (Fischer Scientific)) and incubated on ice for 5 minutes. Then, we 

added 25μl antibody mix (CD66B, CD62L and CD11b 1:50 in MACS buffer) and 

incubated on ice for 30 minutes covered from light. Next, we washed the cells with 

100μl MACS buffer and spun down at 400xg for 5 minutes and repeated once more 

the wash step. Then we added 50μl 4%PFA (Electron Microscopy Sciences) incubate 

at room temperature for 15 minutes covered from light to fix the cells. Later, washed 

with 100μl MACS buffer and span down at 400xg for 5 minutes. Finally, resuspend in 

200μl MACS buffer and store at 4°C covered in foil until running samples in the flow 

cytometer.  
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3.14 pHrodo staining and phagocytosis analysis 

To analyse phagocytosis in differentiated PLB and primary neutrophils, we stained 

heat-killed S. aureus with pHrodoTM Phagocytosis Particle Labeling Kit for Flow 

Cytometry (Invitrogen) following the manufacturer's protocol. Briefly, bacteria were 

harvested at 1x109cells/ml and heat-killed for 1 hour at 100°C. Bacteria were washed 

twice in PBS and resuspended in 1ml double strength buffer and incubate at 37ºC for 

15 minutes while rotating for opsonisation. Bacteria were washed twice in PBS and 

resuspended in 750μl component F (0.1M Sodium Bicarbonate, pH 9.3) and centrifuge 

at 15,000xg for 1 minute, resuspend in 750μl component F and add 37.5μl of 10mM 

pHrodo for a final concentration of 0.5mM, incubate at room temperature for 45 

minutes covered from light. We then washed unbound dye by adding 750μl of wash 

buffer and spun down at 15,000xg for 1 minute. We resuspended in 1ml 100% 

methanol (Sigma) and flicked the tube carefully to disaggregate the pellet, then added 

500μl of 100% methanol and vortex for 30 seconds and centrifuged at 15,000xg for 1 

minute. Next, washed twice in 1ml of wash buffer and vortex to evenly disperse 

bacteria and centrifuged at 15,000xg for 1 minute. Finally, resuspended the bacteria 

in RPMI + Q.  

We seeded either human neutrophils or dPLB at 2x106 cells/ml in 500μl of RPMI + Q 

and added 20μl of pHrodo labelled bacteria for an MOI 100. We incubated the mix of 

cells and bacteria with rotation at 37°C for 1 hour, taking 100μl aliquots at 0, 10, 30, 

45, 60 minutes, and plated them in a 96 well plate on ice with 50μl ROS stop buffer. 

Next, we washed the plate twice with 100μl MACS buffer, added 50μl 4% PFA, and 

incubated it for 15 minutes at room temperature covered from light. Finally, we washed 

twice with 100μl MACS buffer, resuspended in 200μl MACS buffer, and stored at 4ºC 

covered from light until samples were run on the flow cytometer. 

3.15 RNA lysates and qPCR  

We obtained RNA from PLBs using PureLinkTM RNA mini kit (Invitrogen)and followed 

the manufacturer's protocol. We collected 3x106 cells in a 1.5ml Eppendorf and 

washed twice with PBS, spun down at 400xg for 5 minutes between washes. We 

added 300μl RNA lysis buffer (Lysis buffer + 1% β-mercaptoethanol (Sigma)) and 
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froze down at -20°C. We thawed the samples on ice and added 300μl of 70%ethanol 

and vortex until clear. Next, loaded 600μl of the mix onto the cartridge, spanned down 

at 12,000xg for 30 seconds, discarded the flowthrough, and repeated this step until all 

the sample had been processed. Then, we added 500μl wash buffer I and centrifuge 

at 12,000xg for 30 seconds. Next, we added 500μl wash buffer II and centrifuge again, 

discarded the flowthrough and centrifuge again to dry the membrane. Then we added 

30μl Rnase-free water to the centre of the membrane and incubated at room 

temperature for 1 minute. Finally, we centrifuged at 15,000xg for 2 minutes to elute 

the RNA. We quantified RNA using a nanodrop and adjusted the concentration to 

200ng/μl. 

Then we translate RNA into cDNA using the High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems) and followed manufacturers protocol. Briefly, 

we made a 2x master mix with 2μl 10x RT buffer, 0.8μl 25x dNTP Mix, 2μl 10x RT 

Random primers, 1μl MultiScribeTM Reverse Transcriptase and 4.2μl Nuclease-free 

water. We added 5μl of RNA (1000ng) with 10μl 2x Master mix and 5μl Nuclease free 

water for a final volume of 20μl. We use a thermal cycler programme for: 1x [25ºC for 

10 minutes], 1x [37ºC for 120 minutes] and 1x [85ºC for 5 minutes]. We added 180μl 

of nuclease-free water to the reaction to adjust the concentration to 5ng/μl.  

We then used Fast SYBRTM Green Master Mix (Applied Biosystems) reagent to 

perform our qPCR on a QuantStudioTM 3 System (Applied Biosystems). Primers are 

listed in table (Table A5), all the primers were designed using Primer3 software 

(https://primer3.ut.ee/) and ordered from Eurofins Scientific except MPO and LRRK2, 

which were ordered from Qiagen. We made a primer mix of forward and reverse with 

10μl of each primer (5μM) in 180μl of nuclease-free water. We added 10μl of 2x FAST 

SYBRTM GREEN Master Mix into a qPCR 96 well plate. Then we added 4μl of cDNA 

(20ng), 1μl of primer mix (250nM) and 5μl of nuclease-free water for a final volume of 

20μl. We centrifuged the plate and run the program: 1x [95ºC 2 minutes], 35x [95ºC 

for 15 seconds, 55ºC for 30 seconds and 75ºC for 30 seconds], 1x [75ºC for 2 minutes]. 

We also ran a melt curve phase to rule out any primer dimer or non-specific 

amplification.  

 

https://primer3.ut.ee/
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3.16 Protein lysates and western blot 

To analyse protein expression in PLB, we collected 3x106 cells in a 1.5ml Eppendorf 

tube and washed them twice with 1ml PBS. Resuspended in 100μl 2x Laemmli sample 

buffer; 125mM Tris base (Sigma), 140mM sodium dodecyl sulfate (SDS) (Sigma) and 

20% glycerol (Sigma), supplemented with protease and phosphatase (Thermo 

Scientific), neutrophil elastase inhibitor (Sigma) and cathepsin G inhibitor (Alfa Aesar). 

To lyse the cells, we either boiled at 100ºC for 10 minutes and using a syringe with a 

25G needle, syringed the sample until no liquid can be seen and is all foam, or 

sonicated during three cycles of 15 seconds at 100% power using Q125 Sonicator 

(QSONICA).  

Samples were centrifuged at 15,000xg for 3 minutes, quantified protein with a 

nanodrop and adjust to a final concentration of 4μg/μl with NuPAGE® 4xLDS sample 

buffer (Invitrogen), boiled the sample at 100ºC for 10 minutes, spun down in microfuge 

to collect drops of the lid and loaded 10μl of sample into the gel well. We resolved low 

molecular weight proteins (10 kilodaltons(kDa)-40kDa) in a NuPAGE® Novex® Bis-Tris 

4-12% pre-cast gel (Invitrogen) and ran it in 1x NuPAGE® MES SDS running buffer at 

200V constant for 35minutes. For mid molecular weight proteins (40kDa-120kDa), we 

used 4-12% pre-cast gel and ran it using 1x NuPAGE® MOPS SDS running buffer at 

200V constant for 50 minutes. For high molecular weight proteins (120kDa-400kDa), 

we used NuPAGE® Novex® Tris-Acetate 3-8% pre-cast gel (Invitrogen) and ran it 

using 1x NuPAGE® Tris-Acetate running buffer at 150V constant for 70 minutes.  

We then transferred proteins into a nitrocellulose or polyvinylidene fluoride (PVDF) 

membrane using either the semi-dry Power Blotter System (Invitrogen) or the dry 

transfer iBlotTM 2 Gel Transfer Device (Invitrogen). We then rinsed our membrane in 

1x tris buffered saline + 0.1% Tween®20 (TBST) and blocked our membrane in 1% 

BSA in 1x TBST for one hour at room temperature with rocking. Next, we washed 

three times for 5 minutes with 1xTBST our membrane and then incubated overnight 

in primary antibodies diluted in 1%BSA in TBST with rolling at 4ºC. Next, we washed 

three times with 1x TBST and incubated for 1 hour in secondary antibodies diluted in 

1%BSA in TBST while rocking. We develop the membrane using chemiluminescence 
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or fluorescent detection with the Odyssey®XF imaging system (LI-COR). We analysed 

the band intensity of the western blots using gel analysis on FIJI software. 

3.17 Migration assay  

Cells were resuspended in migration media; 1x HBSS supplemented with 0.5% BSA, 

with either 10μM ATM inhibitor KU55933 or DMSO at 1x106 cells/ml. We plated 200μl 

(2x105 cells) in the upper chamber of a 24 well plate 6.5mm Transwell with 5μm pore 

(Corning). We added 500μl of migration media to the lower chamber and left it to 

incubate at 37º 5% CO2 for 45 minutes. Next, we added 100nM N-formylmethionine-

leucyl-phenylalanine (fMLP)(Sigma) and incubated for 2 hours. Finally, we imaged 

four fields of the lower chamber using IncuCyte imaging system. We then collected 

the cells in the well and counted with a haemocytometer.  

3.18 Proteomics sample preparation 

We collected 4x106 differentiated PLB and washed twice in 1ml PBS. The pellet was 

resuspended in RIPA lysis buffer (Sigma) supplemented with 10mM EDTA, 1x Halt 

phosphatase (Thermo Fisher Scientific), 2x protease inhibitor (Calbiochem), 2mM 

phenylmethanesulfonyl fluoride (PMSF) (Sigma), 50mM Tris (2-carboxyethyl) 

phosphine hydrochloride (TCEP)(Sigma). Samples were sonicated with three cycles 

of 15 seconds at 100%. Protein was quantified using PierceTM BCA Protein Assay Kit- 

Reducing Agent Compatible (Thermo Fisher Scientific), and 50μg of protein were used 

for Tandem-Mass-Tag (TMT) mass spectrometry.  

TMT labelling and high pH reversed-phase chromatography were performed by Dr 

Kate Heesom (Proteomics Facility, Bristol University). Briefly, samples were digested 

with trypsin and labelled with Tandem Mass Tag (TMT) six-plex reagents according to 

manufacturer’s instructions. Next, the labelled samples were pooled, evaporated to 

dryness, resuspended in 5% formic acid, and desalted using a SepPak cartridge. The 

eluted sample was evaporated to dryness and resuspended in 20mM ammonium 

hydroxide pH 10 for fractionation. Next, the pooled sample was loaded into XBridge 

BEH C18 Column and eluted with an increasing gradient (0-95%) 20mM ammonium 

hydroxide in acetonitrile. The resulting fractions were evaporated to dryness and 

resuspended in 1% formic acid and analysed with a nano-LC MSMS system using an 

Orbitrap Fusion Tribrid Mass Spectrometer with ETD (Thermo Scientific).  
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Bioinformatic analysis was performed in R statistical computing environment by Dr 

Phil Lewis (Proteomics Facility, Bristol University)    

3.19 Immunocytochemistry of tissue slides 

Histological sections of lungs and livers were courtesy of Prof. Miguel Soares, Instituto 

Gulbenkian de Ciência. Histological sections were cut and mounted by the Histology 

Core, Bristol. Briefly, paraffin blocks were cut to 3μm, and tissue sections were 

mounted and dried on SuperFrostTM Plus Slides (Thermo Scientific). 

Dewaxing of the sample was carried out by two changes of 5 minutes on histoclear 

(National Diagnostics). Rehydration was done by two changes of 5 minutes in 100% 

ethanol, then 5 minutes in 90% ethanol and 70% ethanol. We washed sections three 

times for 5 minutes in deionised water and a final wash in 1x TBS. We then incubated 

sections in pre-warmed citrate buffer (Sigma) supplemented with 0.05% Tween20 for 

20 minutes at 95ºC for antigen retrieval. We let the section cool down at room 

temperature for 20 minutes and washed three times with deionised water and once 

with 1x TBS. Next, we drew a square around the section with a wax pen and added 

200μl blocking buffer; 1%BSA, 5%Donkey serum (Sigma), 5% gelatin from cold-water 

fish skin (Sigma), 0.05% Tween20 in 1x TBS and incubated for 1 hour at room 

temperature. Then, we discarded the blocking buffer and added 200μl Calgranulin 

(inhouse antibody, Max-Planck, Berlin)88 diluted 1:100 in diluent buffer; 1%BSA, 

5%Donkey serum, 5% gelatin from cold-water fish skin, 0.05% Tween20, 0.05% 

TritonTM X-100(Sigma) in 1x TBS and incubated overnight at room temperature. The 

next day we washed the section three times with 1xTBST and added 200μl Alexa488 

donkey-anti rat secondary antibody (Thermo Fisher Scientific) diluted 1:200 in diluent 

buffer and incubated for 2 hours at room temperature covered from light. We then 

washed once with deionised water, followed by adding 200μl of 1μg/μl 4’6-Diamidino-

2-phenylindole dihydrochloride (DAPI) (Sigma) for five minutes. Finally, washed with 

deionised water, we mounted the section by adding 20μl Mowiol 4-88(Sigma) and 

covered it with a coverslip to avoid forming bubbles. Images were acquired at 40x 

magnification using a Leica DMI6000 Widefield microscope. We analysed images 

using FIJI software.  
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3.20 Transmission electron microscopy  

We harvested 1x106 cells and washed them twice in PBS. Pelleted cells were fixed, 

mounted and stained for transmission electron microscopy (TEM) by Mrs Judith 

Mantell and Dr Chris Neal (Wolfson Bioimaging Facility, Bristol University). Briefly, 

pelleted cells were fixed in glutaraldehyde and rinsed with sodium cacodylate. A 

second fixing step was performed with osmium tetroxide. Then, dehydration of the 

sample was done with ethanol and was embedded in epoxy resin. Next, the sample 

was cut to 60nm and stained. We acquired images using Tecnai 12-FEI 120kV 

BioTwinSpirit TEM, and analysis was done on FIJI software.       

3.21 Immunofluorescence of coverslips 

We rinsed and dried 13mm round coverslips (VWR) in 100% ethanol. Then we placed 

them in 24 well plates and seeded 1x105 primary neutrophils or PLB in RPMI 1640. 

We incubated the plate for 15 minutes at 37ºC 5%CO2 to allow neutrophils to attach 

to the coverslip. We washed twice with PBS and fixed with 4% PFA for 15 minutes, 

then we washed with PBS and stored at 4ºC until samples were stained. A-T 

neutrophils were stained and imaged in a SP8 confocal microscope by Christian 

Goosman (Max-Planck Institute for Infection Biology). Images were analysed using 

the MIA plugin on FIJI software, and a pipeline for 3D images analysis was made by 

Dr Dominic Alibhai (Wolfson Bioimaging Facility, Bristol University)   

3.22 Data analysis 

Data was transferred to GraphPad Prism and statistical analysis were carried out. 

Student’s t-test was done between two groups, paired analysis was done for treatment 

with inhibitor and unpaired analysis for patients and PLB. Two-Way analysis of 

variance (ANOVA) statistical tests were performed between groups with multiple time-

points . *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 
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CHAPTER 4: ATM role in neutrophil antimicrobial activity 

4.1 Introduction 

AT disease is characterised by neurological disorders, predisposition to malignancies, 

immunodeficiency and recurrent sinopulmonary infections138. Immunological 

abnormalities are seen in two-thirds of all the patients, the most common ones are low 

levels of immunoglobulins and lymphopenia98.  However, little research has been done 

on the innate immunity of this disease. A study in 201582 showed that cells from A-T 

patients overproduced pro-inflammatory cytokines (e.g. IL-8, IL-6 and TNF-α) and had 

a prolonged lifespan82. Erttman and collegues133 showed that lack of ATM impaired 

inflammasome formation, decreasing the release of IL1-β and IL-18 cytokines and 

increasing the release of TNF-α and IL-6133.  

AT patients suffer from chronic lung infections95, and a retrospective study done by 

Schroeder and Zielen139  analysed clinical data of 127 A-T patients showing that the 

most prevalent pathogen obtained from lung samples during acute and chronic 

inflammation was Staphylococcus aureus, followed by Pseudomonas aeruginosa and 

Streptococcus pneumoniae139.  

Staphyloccocus aureus is a gram-positive bacteria, that is found as a commensal and 

human pathogen140.  Staphylococcus aureus is one of the pathogens responsible for 

causing bacteraemia, endocarditis and pleuropulmonary infections, and treatment is 

complicated due to its propensity to develop antibiotic resistance141,142. Methicillin-

resistant S. aureus (MRSA) is a world-wide problem since its discovery in 1961143; half 

of the clinical isolates have become MRSA strains140,143. 

AT immunodeficiency caused by innate immunity has not been explored widely. 

Therefore, we decided to test different antimicrobial abilities that neutrophils possess 

against different pathogens to explore the possibility of an impairment in neutrophil 

function. This chapter aims to address the gap in the literature of the role of ATM in 

neutrophil antimicrobial activity.  
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4.2 Inhibition of ATM with small molecule KU55933 leads to impaired 

antimicrobial activity 

A-T patients demonstrate immunodeficiency, but the role of ATM in neutrophil activity 

has not been tested. We wanted to test whether ATM regulates typical neutrophil 

functional responses. To test this, we took three approaches. First, we used a 

chemical inhibitor of ATM called KU55933. We purified primary neutrophils from the 

blood of three healthy donors using a negative selection kit. We incubated 2.5x106 

neutrophils in either vehicle control (DMSO) or 10μM ATM inhibitor (KU55933) for 45 

minutes. During this incubation we opsonized 5x105 Staphylococcus aureus for 15 

minutes in double strength media. We used S. aureus as it has been isolated from 

acute and chronic infections of lungs from AT patients139. Neutrophils were then mixed 

with S. aureus at a multiplicity of infection (MOI) 0.2 for a period of four hours, taking 

aliquots every hour to measure the number of live bacteria. 

We first tested the strain JE2 and found that after 4 hours of coincubation neutrophils 

treated with ATM inhibitor were less efficient at killing the pathogen (Figure 4.1 A) 

throughout the four-hour time course. Treatment with ATM inhibitor showed defects in 

bacteria killing, however no significant difference was seen at timepoints 1-3 hours. In 

addition, we decided to focus on the end point and saw a significantly decreased ability 

of neutrophils treated with ATM inhibitor to kill the strain JE2 when compared to the 

control neutrophils (Figure 4.1 B).  

Following on from this we tested two other strains of S. aureus, SH1000 and Newman; 

the former is a well-established strain used in the labs that has not been completely 

characterised, while the latter is a more recent clinical isolate known to be resistant to 

methicillin. We found that throughout the 4 hours engagement both DMSO and ATM 

inhibitor treated cells were able to kill the pathogen, however there was not a 

significant difference in the killing of bacteria from ATM treated cells compared to the 

vehicle control. Neutrophils were less efficient at killing the strain Newman compared 

to JE2 and SH1000 strains, since more live bacteria were seen in the Newman strain 

throughout the 4 hours, as shown in (Figure 4.1 A,C and E). We decided to focus on 

the endpoint and found there was no significant difference between DMSO and ATM-

inhibited neutrophils in their ability to kill the strain SH1000 (Figure 4.1 D) or Newman 

(Figure 4.1 F).  
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In summary, we found that KU55933 treated cells were less efficient in killing the 

pathogen S. aureus strain JE2, and therefore wondered if this deficiency was due to 

an impaired uptake of the pathogen or a degranulation defect. Since JE2 was the only 

strain to give us a significant difference we decided to keep studying the interaction 

between neutrophil and pathogen using this strain for further experiments.  

 

(legend on next page) 
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Figure 4.1: Neutrophils treated with an ATM inhibitor (KU55933) are impaired in killing S. aureus 

(A,C,E) Neutrophils from 3 healthy donors were pre-treated for 45 minutes with 10μM ATM inhibitor 

(KU55933) or vehicle control (DMSO). Neutrophils were then incubated with S. aureus (MOI 0.2) in 

medium containing 5% pooled human serum and 50μl aliquots were taken every hour, serially diluted, 

and plated in duplicate in Tryptic Soy Agar (TSA). Percentage of live bacteria was obtained by 

comparing bacterial counts against bacteria grown in media without neutrophils (serum only). (A) S. 

aureus strain JE2. (C) S. aureus strain SH1000. (E) S. aureus strain Newman. (B,D,F) Percentage of 

neutrophil killing ability at time point 4 hours, corresponding to strain shown on the left was obtained by 

comparing the percentage of dead bacteria at 4 hours with the starting time point (0 hours). Data is 

expressed as mean ± SEM. Log2 transformation was done and then two-way ANOVA was performed 

(A,C,E):**p< 0.003, ****p<0.0001. Paired two-tailed t-test was performed at time point 4 hours: *p <0.05 

(n=3 healthy donors). 

4.3 Inhibition of ATM with small molecule KU55933 does not affect neutrophil 

degranulation and engagement with S. aureus 

We decided to address the question of whether neutrophils treated with ATM inhibitor 

were taking up fewer bacteria and showing an impaired degranulation. To answer this 

question, we used a flow cytometry approach where we fluorescently labelled 

opsonised heat-killed S. aureus, and co-incubated with neutrophils for one hour. As 

soon as neutrophils engage or phagocytose S. aureus they become positive for the 

fluorescent tag and we were able to measure the mean fluorescent intensity (MFI) of 

these cells over time. Secondly, we used fluorescently tagged antibodies against 

CD11b (ITGAM), CD66b (CEACAM8) and CD62L (L-selectin). The receptor CD11b is 

found on the plasma membrane, secretory vesicles, and tertiary granules, CD66b is 

found on the plasma membrane and, contrary to CD11b, in the secondary granules, 

while the receptor CD62L is found on the plasma membrane of the neutrophil. When 

the neutrophil starts engaging with S. aureus, it starts degranulating in a timely 

manner: first, tertiary granules, then secondary and finally primary granules39,57. 

Similarly, shedding of receptors starts happening after neutrophils start releasing their 

antimicrobial peptides39. Using the fluorescently tagged antibodies we can follow the 

degranulation pattern and shedding of neutrophils when engaging and phagocytosing 

S. aureus JE2 over a one-hour time course (Figure 4.2 F).  

We incubated neutrophils of three healthy donors in media with either vehicle control 

or 10μM ATM inhibitor (KU55933) for 45 minutes. We then added the fluorescently 
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labelled heat-killed S. aureus at MOI 100 for one hour, taking aliquots at time points 

0, 10, 30, 45 and 60 minutes. 

 

Figure 4.2: Neutrophils treated with an ATM inhibitor did not show impaired engagement with S. aureus 

and degranulation. Flow cytometry data showing engagement of neutrophils pre-incubated with vehicle 

(DMSO) or 10μM of the ATM inhibitor (KU55933) with cell trace violet-labelled S. aureus strain JE2. (A) 

Engulfment of labelled bacteria leads to increase in neutrophil fluorescence. (B) Degranulation of 

tertiary granules measured by flow cytometry using an antibody against the integrin receptor CD11b. 

(C) Degranulation of secondary granules measured by flow cytometry using an antibody against 

CEACAM8 (CD66b). (D) Shedding of L-selectin measured by flow cytometry using an antibody against 

CD62L.(E) Phagosome formation leads to increase neutrophil fluorescence measured by pHrodo dye 

labelled bacteria. Data is expressed as mean fluorescence intensity (MFI) ± SEM, Two-way ANOVA 

with Bonferroni correction was used to analyse between time points. *p<0.05, **p<0.003 (n=3 healthy 

donors).  
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We observed that neutrophils started gaining fluorescence after phagocytosing the 

fluorescently tagged bacteria, however this intensity decreased between 45 minutes 

and one-hour timepoint; this could be due to degradation of the fluorophore in the 

neutrophil phagosome. We found that after one hour of engagement there was a 

similar uptake of the bacteria, with no significance difference between conditions 

(Figure 4.2 A).   

We next quantified CD11b which is a marker of degranulation of tertiary granules39. 

There was no difference in the starting expression of CD11b between the conditions, 

and both increased the membrane expression of CD11b over time. The highest 

expression was reached at 30 minutes, with a statistically significant difference 

between vehicle and inhibitor treated neutrophils. After 30 minutes, the fluorescence 

intensity started decreasing over the following timepoints (Figure 4.2 B). This could 

be explained by the fact that CD11b is one of the first receptors to be externalised by 

neutrophils in response to a stimulus. It has been shown that neutrophils also shed 

their receptors once they are no longer needed; a clear example is the L- selectin 

CD62L that starts with a high expression and as soon as the neutrophil is stimulated 

the expression decreases drastically68.  

We then analysed the expression of CD66b which is a marker of secondary granules. 

As shown in (Figure 4.2 C) both conditions start at similar levels of fluorescent 

intensity, which increases over time. Neutrophils treated with ATM inhibitor have a 

decreased degranulation trend from 30 minutes onwards, however no statistically 

significant difference was seen between conditions. We also observed that this 

receptor takes longer to increase its expression, showing that secondary granules are 

more difficult to mobilise than tertiary granules. Later, we analysed the shedding of 

CD62L. As shown in (Figure 4.2 D) both conditions start at a similar level of 

fluorescent intensity, and it decreases over time with a significant difference at 30 and 

45 minutes between conditions. We observe that expression of this receptor does not 

decrease drastically over time, this was unexpected and could happen if neutrophils 

were pre-activated and had already began shedding before the experiment started.  

Finally, we labelled opsonised heat-killed S. aureus JE2 with pHrodo dye, this dye 

becomes fluorescent with changes in pH. Once the bacteria enter the neutrophil 

phagosome, the acidic environment cause an increase in the neutrophil fluorescence 
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that we measured in (Figure 4.2 E), We found that at 30 and 45 minutes neutrophils 

treated with ATM inhibitor showed a trend to have less phagosome formation when 

compared to neutrophils treated with vehicle control.     

In summary, we found that there is no difference in the ability of neutrophils treated 

with DMSO or ATM inhibitor to engage with bacteria, Similarly, ATM inhibition did not 

affect the degranulating capacity of tertiary and secondary granules in neutrophils as 

well as shedding, as seen in the similar levels of expression of the receptors CD11b, 

CD66b and CD62L between conditions. Even though, we could see a slight trend 

towards decrease phagosome formation of ATM inhibited neutrophils, this could not 

explain the deficiency in bacteria killing.   

We then decided to analyse if treatment with the ATM inhibitor disrupted the migration 

capacity of neutrophils against a chemotactic stimulus.  

4.4 ATM inhibition increases migration in vitro, while loss of ATM does not affect 

migration in vivo 

It is known that neutrophils will migrate to a site of infection following a chemotactic 

gradient76. Therefore, we decided to analyse the migration ability of neutrophils treated 

with ATM inhibitor using the chemotactic peptide N-formyl-L-methionyl-L-leucyl-L-

phenylalanine (fMLP); this bacterial peptide is known to bind G protein receptors and 

direct neutrophils to sites of infection29. We incubated neutrophils from 5 healthy 

donors in either DMSO or ATM inhibitor at 10μM for 45 minutes in a 5 μm pore 

transwell.  The transwell was then placed on top of medium containing 100nM fMLP 

in a 24 well plate and left for two hours to allow the neutrophils to migrate through the 

transwell. We found that inhibition of ATM increased the migration ability of neutrophils 

towards the media containing fMLP (Figure 4.3 A).  

To test if ATM regulates neutrophil migration in vivo, we used an infection model with 

the rodent malaria parasite Plasmodium chabaudi (P. chabaudi). We obtained 

histological sections of lungs and livers from infected and uninfected ATM-/- and 

controls, (courtesy of Prof. Miguel Soares, Instituto Gulbenkian de Ciência), and 

analysed day 8 post infection (dpi), known to be the peak of the parasitaemia. In this 

infection model, Plasmodium-parasitised erythrocytes sequester in liver and lung, and 

this is accompanied by chemotaxis of neutrophils into these organs144. 
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(legend on next page) 
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Figure 4.3: Neutrophil migration in response to a chemotactic gradient. (A) Neutrophils pre-treated with 

10uM ATM inhibitor (KU55933) for 45 minutes showed an increased migration towards fMLP (300nM) 

compared to DMSO pre-treated cells (n= 5 healthy donors) (B) Immunofluorescence analysis of 

neutrophils in histological sections showed similar trafficking to the liver in WT and ATM-/- mice at day 

8 post infection with the parasite Plasmodium chabaudi (n=2 WT and 3 ATM-/-) uninfected and (n= 4) 

for infected. (C) Immunofluorescence analysis of neutrophils in histological sections showed similar 

trafficking to the lung in WT and ATM-/- mice at day 8 post infection with the parasite Plasmodium 

chabaudi (n=2 WT and 3 ATM-/-) uninfected and (n= 4) for infected.  Histological sections were imaged 

at 20x magnification using a widefield microscope (Leica), 10 fields of view were acquired for each 

mouse and neutrophils were counted using FIJI software for each field of view, an average of 

neutrophils per field of view per mice was plotted as infiltrated cells. Data is expressed as mean ± SEM. 

Statistical significance was calculated by two-tailed t-test: *p<0.02.  

To analyse the tissue sections, we stained for neutrophils using the antibody against 

the neutrophil protein calgranulin (S1008A) followed by staining of the cell nuclei with 

4’,6-diamidino-2-phenylindole (DAPI). Using a widefield microscope we then captured 

ten different fields of view for each section. First, we looked at infiltration levels of 

neutrophils into the liver, one of the main affected organs during P. chabaudi malaria. 

We could see an increase in infiltrated cells between the non-infected and the infected 

sections, however, we did not see any difference in the number of infiltrated cells 

between wild type and knockout mice in the infected tissues (Figure 4.3 B). We then 

analysed the infiltrated cells in the lung of the mice and saw a similar result, namely 

an increased number of neutrophils in the lungs of infected mice, but no difference in 

the number of infiltrated cells between WT and ATM-/- mice (Figure 4.3 C). 

In summary, we saw increased migration of neutrophils treated with ATM inhibitor 

towards the bacterial chemotactic peptide fMLP after 30 minutes of exposure.  In an 

in vivo model with a eukaryotic pathogen, however, we did not see the same result, 

as the ATM-/- mice showed the same migration capacity as WT mice in the infected 

tissues. There is a possibility that migration capacity is dysregulated early on in 

infection and later becomes compensated after a long-term exposure. It is also 

possible that the chemotactic defect is specific for bacterial PAMPs and sensing of 

Plasmodium is not affected. Additional experiments are needed to characterise the 

role of ATM in neutrophil migration. We then decided to test the respiratory burst of 
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neutrophils against S. aureus and test if there was a defect that could explain the 

defect in killing.   

4.5 ATM inhibition decreases neutrophil respiratory burst against receptor 

binding stimuli 

Neutrophils release microbicidal ROS during their respiratory burst and this is crucial 

for neutrophil killing of S. aureus81. We used a luminol based assay to analyse the 

respiratory burst to various stimuli.  

To begin with, we analysed the production of ROS by ATM-inhibited neutrophils using 

the mitogen phorbol 12-myristate 13-acetate (PMA); this stimulus crosses the cell 

membrane and directly activates Protein kinase C (PKC), stimulates the assembly of 

NOX2 on membranes and triggers the respiratory burst35. We used this stimulus as a 

positive control of ROS production and could not see any difference in ROS production 

over 4 hours between DMSO and inhibitor-treated neutrophils, as seen in the kinetic 

curve and the area under the curve measurement (Figure 4.4 A and B). This indicates 

that ATM is not required for NOX2 assembly and activity. 

Next, we wanted to test signalling pathways upstream of PKC and NOX2 and thus we 

used the lectin Concanavalin A (ConA), which binds promiscuously to many receptors 

to trigger a respiratory burst88. Surprisingly, we saw that treating neutrophils with ATM 

inhibitor prevented them generating a respiratory burst against ConA. (Figure 4.4 C 

and D). We then used heat-killed S. aureus JE2 strain at an MOI 20 to see if another 

stimulus that requires receptor binding would show a similar inhibition of the 

respiratory burst as ConA. We found that ATM inhibition does not abolish the 

respiratory burst of neutrophils against S. aureus, however it considerably decreases 

it. (Figure 4.4 E and F).  Following this, we decided to try C. albicans, a fungus known 

to bind the receptor dectin-1. We found that inhibiting ATM in neutrophils significantly 

decreased ROS production against C. albicans (MOI 5), as seen in (Fig 4G and H). 

This result was similar to the one we obtained against S. aureus.  
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(legend on next page) 
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Figure 4.4: Respiratory burst against different stimuli by DMSO and ATMi treated neutrophils.     

Primary neutrophils were pre-treated with either vehicle control (DMSO) or 10 uM ATMi (KU55933). (A, 

C, E, G, I) Time course analysis of ROS production measured by luminol assay, in response to 100nM 

PMA (n=5) (A), 50ug/ml ConA (n=5) (C), S, aureus MOI 20 (n=5) (E), C. albicans MOI 5 (n=4) (G), and 

50ug/ml TDB (n=3) (I). Data is expressed as mean relative light units (RLU) ± SEM. (B, D, F, H, J) Area 

under the curve (AUC) analysis corresponding to plots shown on the left. Data is expressed as mean ± 

SEM. Statistical significance was calculated by two-tailed t-test: **p<0.002.  

Finally, we used the stimulus trehalose-6,6-dibehenate (TDB), a synthetic analogue of 

Mycobacterium tuberculosis cord factor, which binds the C-type lectin receptor mincle. 

We saw a similar result using this stimulus compared to S. aureus and Candida, as 

treating neutrophils with ATM inhibitor decreased the production of ROS (Figure 4.4 I 

and J).  

To summarise, we found that treatment of primary neutrophils with ATM inhibitor led 

to impaired production of ROS against the pathogens S. aureus and C. albicans as 

well as the stimuli TDB. Moreover, ROS production was abolished against the 

chemical stimuli ConA. On the other hand, PMA ROS burst was not affected by the 

inhibition of ATM. It has been shown that ROS is needed to release neutrophil 

extracellular traps (NETs)88, which are required by neutrophils to prevent pathogen 

dissemination. Therefore we went on to test NET production in ATM inhibited 

neutrophils. 

4.6 ATM inhibition leads to impaired NET release against Concanavalin A 

Neutrophils release neutrophil extracellular traps (NETs) when stimulated with the 

mitogen PMA and the lectin ConA88. Using a fluorescence microscopy approach, we 

went on to quantify NET production of primary neutrophils treated with ATM inhibitor.  

We stimulated primary neutrophils treated with either DMSO or ATM inhibitor 

(KU55933) with PMA or ConA for four hours. ATM inhibited cells did not show 

defective NET production after stimulation with PMA, however, inhibition of ATM 

abolished NET production against the stimuli ConA (Figure 4.5 A and B).  

In summary, we found that ATM inhibition did not affect NET release against PMA; on 

the other hand, the chemical stimuli ConA failed to induce NET production in these 

cells. As seen before, ATM inhibition did not impair ROS production against PMA but 
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completely abolished ConA ROS. This could explain the failure of ATM inhibited 

neutrophils to release NETs as it has been shown that NETs can be ROS-

dependent88. 

 

Figure 4.5: Neutrophil extracellular trap release against different stimuli by DMSO and ATMi treated 

neutrophils. Primary neutrophils were pre-treated with either vehicle control (DMSO) or 10uM ATM 

inhibitor (KU55933). Live cells were stained with the intracellular DNA dye SYTO green, while NETs 

were visualised with the extracellular dye SYTOX orange.  (A) Representative images of neutrophils 

stimulated with 50nM PMA n=3 (mid panel) and 50ug/ml ConA n=3 (right panel).(B) Quantification of 

NET formation was calculated as number of NETs (Red) divided by live (green) plus NETs (red) .Cells 

were imaged at 10x magnification using a fluorescent microscope EVOS (ThermoFisher), 4 fields of 

view were acquired for each donor and NETs were counted using FIJI software for each field of view, 

an average of neutrophils per field of view per donor was plotted as percentage of NET formation. Data 

is expressed as mean ± SEM. Statistical significance was calculated by two-tailed t-test: *p<0.05. US: 

unstimulated.    

4.7 Generation of a stable PLB-985 ATM knockout cell line 

A limitation of using inhibitors is their off target effects. To address this, we decided to 

use the promyelocytic leukaemia cell line PLB-985, which can be differentiated into 

neutrophil-like cells after 6 days of treatment with the chemical compound N,N-

Dimethylformamide (DMF). We used CRISPR/Cas9 technology to knockout ATM in 

this cell line and test if the depletion of the gene produced similar results to the ones 

observed in primary neutrophils treated with ATM inhibitor.  
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To generate a stable knockout cell line, we decided to target two different exonic 

regions using two different guide RNA (gRNAs), delivered into PLB cells with lentiviral 

constructs.  

We successfully transduced cells with two gRNA constructs. To obtain a clonal cell 

line with a defined deletion we performed single cell cloning. Using the free software 

outknocker136, we analysed our single cell clones from the first gRNA construct and 

we obtained one knockout cell line as seen in position B5 in (Figure 4.6 A). One allele 

had a 4-nucleotide deletion while the other one had a single nucleotide insertion, with 

both of these mutations expected to lead to a loss of ATM expression in the clone. We 

used western blot to confirm that our single clone had a complete knockout as 

demonstrated by three different antibodies against ATM (Figure 4.6 B).  

 

Figure 4.6: Generation of PLB-985 ATM knockout cell line. (A) Illustration of single cell clone analysis 

using the software Outknocker136 to identify ATM-/- cells. DNA sequence at the bottom of the illustration 

compares the targeted locus in WT and CRISPR/Cas9 targeted cells. (B) Representative western blot 

to confirm ATM knockout. Three different antibodies against ATM were used and α-tubulin and GAPDH 

were used as loading controls.  

We were able to generate a single ATM-/- clonal cell line from gRNA construct 1 and 

confirm the absence of the protein by western blot. Unfortunately, we did not obtain 
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any KO clones with gRNA2. We then decided to test the antimicrobial capacity of our 

ATM-/- PLB compared to PLB generated with a scramble gRNA as controls. 

4.8 Loss of ATM impair antimicrobial activity of neutrophil-like cells 

The next step was to test whether PLBs differentiated to a neutrophil-like cell lacking 

ATM would be able to kill the pathogen S. aureus.  

We differentiated the PLBs for 6 days and then co-incubated with S. aureus at an MOI 

0.2, taking aliquots every hour for four hours. Firstly, we could see that both wild type 

and ATM-/- differentiated PLBs (dPLBs) were able to progressively kill the pathogen 

over the four hours. Moreover, we could see that there was a significant decrease in 

the killing ability of the ATM-/- cells compared to the WT at 4 hours (Figure 4.7 A and 

B). 

 

Figure 4.7: Impaired killing of S. aureus in ATM-/- PLB cells over 4 hours compared to wild type (WT) 

(A) Percentage of live JE2 bacteria over 4 hours of engagement with differentiated PLBs, Percentage 

of live bacteria was obtained by normalising bacteria engaged with PLBs with bacteria grown in media 

with serum only and without PLBs, over 4 hours. (B) Percentage of PLB killing ability at time point 4 

hours of engagement with S. aureus strain JE2 (MOI 0.2), obtained by comparing the percentage of 

dead bacteria at 4 hours with the starting time point 0 hours. Data is expressed as mean± SEM. 

Statistical significance overtime was calculated by two-way ANOVA after Log2 transformation of the 

data (A): **p 0.003. Two-tailed t-test was performed at time point 4 hours: **p< 0.003 (n=3).  

In summary, we saw that PLBs lacking ATM were less efficient at killing S. aureus, 

similar to what we had observed previously with pharmacological inhibition of ATM in 

primary neutrophils.  
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4.9 ATM knockout neutrophil-like cells do not show impaired engagement and 

degranulation 

We then went on to test if there was any difference in the uptake of the pathogen or 

degranulation capacity. To test the engagement ability of dPLBs we used the same 

flow cytometry approach as with the primary neutrophils. We co-incubated 

differentiated PLBs with fluorescently tagged S. aureus JE2 at MOI 100 for one hour 

and analysed different time points to see if the uptake or degranulation was affected.  

We could not see a difference in the uptake of bacteria between WT and ATM-/- cells 

(Figure 4.8 A). As opposed to primary neutrophils, PLBs do not express CD66b, 

therefore we just analysed the expression of CD11b. S. aureus did not induce 

upregulation of CD11b, leading us to conclude that PLBs are not a good model for 

degranulation. We did not see a statistical difference in the degranulation of CD11b 

(Figure 4.8 B), although there was a trend.   

In summary, we did not see any difference in the uptake ability between our WT and 

ATM-/- differentiated PLBs. We decided to see if the production of ROS was impaired 

in the ATM-/- compared to the WT, as the inhibited primary neutrophils had suggested 

earlier.  

 

Figure 4.8: Engagement and degranulation of WT and ATM-/- PLB against S. aureus. (A) Flow 

cytometry data showing engagement of WT and ATM-/- PLBs with cell trace violet-labelled S. aureus 

strain JE2. Engulfment of labelled bacteria leads to increase in PLB fluorescence. (B) Degranulation 

was measured by flow cytometry using an antibody against the integrin receptor CD11b. Data is 

expressed as MFI mean ± SEM, Two-way ANOVA with Bonferroni correction was carried out and no 

statistical difference was found (n=3).  
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4.10 Loss of ATM only affects ROS production against lectin Concanavalin A 

The neutrophil-like cell line PLB is known to produce a respiratory burst against fMLP 

and PMA145. We therefore wanted to know if the lack of ATM would influence the levels 

of ROS released by these cells. We could not see any difference in the production of 

ROS using the PKC agonist PMA in the kinetic curve, and also no significant difference 

was observed using area under the curve analysis between wild type and ATM-/-cells 

(Figure 4.9 A and B). We then went on to test the lectin ConA. Compared to WT cells 

we found that ATM-/- cells were unable to produce a respiratory burst against ConA 

(Figure 4.9 C). This was further confirmed by analysing the area under the curve 

(Figure 4.9 D). We also tested the respiratory burst against S. aureus JE2 at MOI 20. 

We were able to see a small decrease in the production of ROS by ATM-/- cells in the 

kinetic curve, however the AUC analysis did not show a significant difference between 

WT and ATM-/- (Figure 4.9 E and F). We then tested the respiratory burst against C. 

albicans at MOI 5. We were not able to see a difference in the production of ROS and 

this was further confirmed after analysis of the AUC (Figure 4.9 G and H). 

Finally, we tested the Mycobacterium tuberculosis-derived mincle agonist TDB and 

could see similar or slightly increased activity of ATM-/- cells in the respiratory burst 

kinetic curve. After analysing the area under the curve, however, we could not see any 

significant difference between conditions (Figure 4.9 I and J). 

In summary, we found some similarities between the ATM knockout PLBs and the 

neutrophils treated with ATM inhibitor. We could not see a difference in PMA, but we 

saw a slight decreased response trend to S. aureus JE2 and an impaired respiratory 

burst against ConA. On the other hand, we saw a completely different result against 

TDB; whilst ATM-inhibited neutrophils have an impaired respiratory burst, ATM-/- PLBs 

did not seem to have any problem producing a respiratory burst against this stimulus.  
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(legend on next page) 
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Figure 4.9: Respiratory burst (ROS) against different stimuli by WT and ATM-/- PLB cells. (A, C, E, G, 

I) Time course analysis of ROS production, measured by luminol assay, in response to 100 nM PMA 

(n=5) (A), 50ug/ml ConA (n=5) (C), S. aureus MOI 20 (n=4) (E), C. albicans MOI 5 (n=3) (G), 50ug/ml 

TDB (n=4) (I) (B, D, F, H, J) Area under the curve (AUC) analysis corresponding to plots shown on the 

left. Data is expressed as mean relative light units (RLU) ± SEM. (B,D,F,H) Data is expressed as mean 

± SEM. Statistical significance was calculated by two-tailed t-test: *p<0.03.   

4.11 Loss of ATM impairs NET-like release in neutrophil-like cells 

PLBs differentiated into neutrophil-like cells, are able to release NET-like structures 

when stimulated with the mitogen PMA45. As we found that loss of ATM impaired ROS 

production against the chemical stimuli ConA, we wanted to see if ATM-/- neutrophil-

like cells were able to release NET-like structures when challenged with this stimulus.  

We found that ATM-/- neutrophil-like cells released significantly more NET-like 

structures when stimulated with PMA (Figure 4.10 A and B). However, we saw a 

decreased trend in the release of NET-like structures when stimulated with ConA, this 

was not statistically significant (Figure 4.10 A and B).  

In summary, we demonstrated that neutrophil-like cells can release NET-like 

structures against the stimuli PMA and ConA. ATM-/- cells produced more NET-like 

structures against ConA, while ConA stimulated ones had similar levels to 

spontaneous NET release in the unstimulated cells. 

 

(legend on next page) 
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Figure 4.10: Neutrophil extracellular trap-like release against different stimuli in wild type and ATM 

knockout PLBs. PLBs were differentiated for 6 day to a neutrophil-like cell. Live cells were stained with 

the intracellular DNA dye SYTO green, while NETs were visualised with the extracellular dye SYTOX 

orange.  (A) Representative images of neutrophil-like cells stimulated with 50nM PMA (n=3) (mid panel) 

and 50ug/ml ConA (n=3) (right panel).(B) Quantification of NET-like formation was calculated as 

number of NETs (Red) divided by live (green) plus NETs (red) .Cells were imaged at 10x magnification 

using a fluorescent microscope EVOS (ThermoFisher), 4 fields of view were acquired for each 

differentiation and NETs were counted using FIJI software for each field of view, an average of cells 

per field of view per differentiation was plotted as percentage of NET-like formation. Data is expressed 

as mean ± SEM. Statistical significance was calculated by two-tailed t-test: **p<0.003.    

4.12 Loss of ATM does not affect chemokine secretion 

Neutrophils treated with ATM inhibitor (KU55933) and from A-T patients are known to 

have increased release of the chemokine interleukin-8 (IL-8)82. We asked if our ATM-

/- neutrophil-like cell was able to reproduce this finding. We stimulated the cells with 

bacterial peptide lipopolysaccharides (LPS) and the cytokine tumour necrosis factor α 

(TNF- α). We could not see a significant difference in the secretion of IL-8 between 

the ATM-/- and wild type differentiated cells (Figure 4.11). However, we could see that 

differentiated cells release IL-8 without any stimulation compared to undifferentiated 

cells. This could be explained by PLBs undergoing spontaneous apoptosis after 

differentiation and causing the remaining cells to release IL-8 upon recognition of 

DAMPs. In summary, we could not recapitulate previous findings of increased IL-8 

secretion in cells treated with the pharmacological inhibitor of ATM and A-T neutrophils 

in our neutrophil-like ATM knockout system. 
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Figure 4.11: Loss of ATM does not affect Il-8 production. Neutrophil-like Il-8 production (n=5) in 

response to LPS and TNF-α. PLB cells were differentiated for 6 days and later stimulated with 100ng/ml 

LPS, 20ng/ml TNF-α for 18 hours. Cytokine concentration was measured by ELISA. Data is expressed 

as mean ± SEM. No statistical significance was found using a paired two-tailed t-test.  

4.13 Generation of ATM inducible knockdown in PLB cell line 

Stable, full knockout of an important gene can lead to genetic adaptation by other 

pathways that compensate for the loss of the protein and restore normal physiological 

function. During an acute inhibition, such as with pharmacological inhibitors, the cell 

might not have enough time to compensate, and therefore this may lead to more 

drastic phenotypes. To address this, we decided to generate an inducible ATM small 

hairpin RNA (shRNA) knockdown cell line of PLBs. This approach allowed us to 

significantly reduce ATM levels before or during differentiation, and then test the cells 

before they had a chance to engage genetic compensation.  

We generated a plasmid with a doxycycline inducible shRNA against ATM and 

luciferase, which was used as a control. We transfected the plasmid into our PLBs 

using a 2nd generation lentiviral vector that included a puromycin resistance gene. We 

selected the cells that survived a puromycin selection process, without single cell 

cloning (in batch format). Once we had made our ATM inducible shRNA cell line we 

first tested if the induction of the plasmid was able to decrease the levels of ATM in 

our PLBs. We observed that treatment of the cells with 50ng/ml of doxycycline for 



 

 58 

three days gave us a knockdown of approximately 70% as shown in (Figure 4.12 A 

and B).  

We then decided to treat the cells with doxycycline from day one of differentiation and 

top up the media with doxycycline at day 4, in order to maintain the levels of ATM as 

low as possible to allow comparison with the CRISPR knockout. We first measured 

the respiratory burst of our shRNA cell line against the same stimuli as used 

previously.  

 

Figure 4.12: Generation of inducible PLB-985 ATM knockdown cell line. (A) Representative western 

blot to confirm knockdown of ATM. GAPDH was used as loading control. (B) Quantification of ATM 

expression after induction of shRNA using 50ng/ml doxycycline. Protein levels were first normalised 

using GAPDH. Percentage expression of ATM was obtained by comparing the levels of doxycycline 

treated cells against control (untreated) (n=3).  

We could not see any differences in ROS production with PMA between the luciferase 

control shRNA and the ATM shRNA, as seen in the kinetic curve and the area under 

the curve analysis (Figure 4.13 A and B). We also tested S. aureus JE2 at MOI 20 

and the mincle agonist TDB. In both cases, we observed that ATM knockdown cells 

had a decreased respiratory burst in the kinetic analysis, which was further confirmed 

by a significant reduction of the AUC (Figure 4.13 C-D and G-H). Finally, we saw that 

there was a slight increase in ROS production of ATM shRNA cells against C. albicans. 

This was not statistically significant after analysing by AUC (Figure 4.13 E and F). 
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Figure 4.13: Respiratory burst (ROS) against different stimuli by control (luciferase) and ATM shRNA 

PLB cells. (A, C, E, G) Time course analysis of ROS production, measured by luminol assay, in 

response to 100 nM PMA (n=5) (A), S. aureus MOI 20 (n=3) (C), C. albicans MOI 5 (n=4) (E), 50ug/ml 

TDB (n=5) (G) (B, D, F, H) Area under the curve (AUC) analysis corresponding to plots shown on the 

left. Data is expressed as mean relative light units (RLU) ± SEM. (B,D,F,H) Data is expressed as mean 

± SEM. Statistical significance was calculated by two-tailed t-test: *p<0.03. and **p<0.003.   
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In summary, we found that shRNA-mediated knockdown of ATM in PLBs at the 

beginning of the differentiation had similarities with the primary neutrophils treated with 

ATM inhibitor, as seen in the decreased respiratory burst against S. aureus and the 

mincle agonist TDB. On the other hand, we could see that ROS production after PMA 

stimulation is not affected in three different models.  

4.14 Generation of ATM knockout neutrophil from CD34+ hematopoietic stem 

cells 

We know PLBs have some limitations as i) they do not express as many receptors as 

primary neutrophils145 and ii) at day 6 of differentiation they are not as terminally 

differentiated as primary neutrophils135. To overcome this limitation, we decided to 

perform a preliminary experiment using hematopoietic stem cells and differentiating 

them into neutrophils, in collaboration with Prof. Ash Toye’s lab (School of 

Biochemistry, University of Bristol). 

We isolated CD34+ hematopoietic stem cells (HSCs) from multiple apheresis cones 

of a three different donors by negative immunomagnetic selection. They were then 

expanded for three days before we attempted to knockout ATM using CRISPR/Cas9 

ribonucleoprotein (RNP) delivered with nucleofection technology, which introduces 

into the cells two different gRNAs and the enzyme Cas9. The cells were left to recover 

for three days before starting the differentiation process which lasts for 15-17 days. In 

terminally differentiated neutrophils we tested for the degree of ATM knockdown 

(without single cell cloning) and obtained 90% knockdown of ATM in our batch of cells 

(Figure 4.14 A and B).  

We next tested the ability of these neutrophils to kill bacteria, produce a respiratory 

burst, phagocytose and degranulate.  
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Figure 4.14: Generation of ATM knockdown neutrophil differentiated from hematopoietic stem cells. 

(A) Representative western blot to confirm knockdown of ATM. GAPDH was used as loading control. 

(B) Quantification of ATM expression. Protein levels were normalised using GAPDH (n=3).  

After we confirm our CD34+ differentiated neutrophils had an ATM knockdown, we 

tested the ability of these cells to kill S. aureus strain JE2. We could see that across 

the 4 hours both the WT and the ATM knockdown were able to kill the pathogen, 

however, at the 4-hour timepoint we could see that ATM knockdown cells showed a 

trend for less efficiency at killing the pathogen when compared to the WT (Figure 4.15 

A and B). These was similar to our results with primary neutrophils treated with an 

ATM inhibitor and to our ATM-/- dPLB.  

 

(legend on next page) 
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Figure 4.15: Impaired killing of S. aureus in ATM knockdown neutrophil differentiated from 

hematopoietic stem cells over 4 hours compared to wild type (WT). (A) Percentage of live JE2 bacteria 

over 4 hours of engagement with differentiated neutrophils. Percentage of live bacteria was obtained 

by normalising bacteria engaged with neutrophils with the control (bacteria grown in media without 

neutrophils) over 4 hours. (B) Percentage of neutrophil killing ability at time point 4 hours of engagement 

with S. aureus strain JE2. Percentage of neutrophil killing ability at time point 4 hours, corresponding to 

strain shown on the left was obtained by comparing the percentage of dead bacteria at 4 hours with the 

starting time point 0 hours. Neutrophils were differentiated for 17 days and incubated with S. aureus 

(MOI 0.2), 50 μl aliquots were taken every hour and further serial diluted and plated in duplicate in TSA 

(n=1).  

We then went on to test their ability to phagocytose the pathogen, using the same 

fluorescently tagged bacteria we have used before. We co-incubated neutrophils and 

bacteria for 1 hour, taking aliquots at time points 0, 10, 30, 45 and 60 minutes. There 

was a trend into increased ability of ATM knockdown cells to uptake bacteria between 

conditions and similarly we saw a trend to increased degranulation of secondary 

granules in ATM knockdown compared to wild type. On the contrary, ATM knockdown 

cells had a trend to decreased degranulation of tertiary granules and lower phagosome 

formation compared to wild type, as seen in (Figure 4.16 A-D).  

(legend on next page) 
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Figure 4.16: ATM knockdown neutrophils differentiated from hematopoietic stem cells showed 

increased engagement with S. aureus and degranulation of secondary granules. (A) Flow cytometry 

data showing engagement of neutrophils with cell trace violet-labelled S. aureus strain JE2. Engulfment 

of labelled bacteria leads to increase in neutrophil fluorescence. (B) Degranulation of secondary 

granules measured by flow cytometry using an antibody against CEACAM8 (CD66b) (C) Degranulation 

of tertiary granules measured by flow cytometry using an antibody against the integrin receptor CD11b. 

(D) Phagosome formation increases fluorescence as bacteria labelled with pHrodo dye enter the 

phagosome (n=1). 

We went on to analyse the ability of these neutrophils to produce a respiratory burst 

against different stimuli. Firstly, we tested the mitogen PMA and saw that ATM 

knockdown cells showed reduced ROS production compared to wild type. This was 

different to the other three systems where PMA respiratory burst was not affected by 

pharmacological inhibition of ATM, complete knockout of ATM and transient 

knockdown of ATM (Figure 4.17 A). We then saw that ATM knockdown cells showed 

reduced ability to produce a respiratory burst against the lectin ConA, this was similar 

to the previous three systems tested (Figure 4.17 B).  Finally, we tested the pathogens 

S. aureus and C. albicans and saw a decreased ROS production in both, with Candida 

ROS being more impaired in ATM knockdown cells. This result was similar to the one 

obtained with pharmacological inhibition of ATM in primary neutrophils and was 

contrasting to our complete knockout of ATM in the neutrophil-like cells where we 

could not see a significant difference. However, since this was only done with one 

donor, it will need further complementary experiments to see if the patterns seen 

remain the same.  
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Figure 4.17: Respiratory burst (ROS) against different stimuli by wild type or ATM knockdown HSC 

differentiated neutrophils. (A, B, C, D) Time course analysis of ROS production, measured by luminol 

assay, in response to 100 nM PMA (A), 50ug/ml ConA (C), S. aureus MOI 20 (E), C. albicans MOI 5; 

(n=1). 

In summary, ATM knockdown in differentiated neutrophils from hematopoietic stem 

cells showed a decrease antimicrobial capacity, comparable with the previous models 

of pharmacological inhibition and CRISPR/CAS9 knockout of ATM in primary 

neutrophils and the PLB cell line. We found a difference in bacteria engagement and 

degranulation that is the opposite to what we have seen in previous models, however, 

phagosome formation showed a similar decreased trend. Finally, respiratory burst 

production showed similar impairment with receptor binding stimuli, with PMA 

respiratory burst only impaired in this system. Since this was only done with one donor 

we will need further experiments to see if all trends remain the same and results can 

be compared to the previous systems.  

4.15 Neutrophils from A-T patients do not show a defect in ROS production 

We know the use of inhibitors might have off-target effects in the cells, similarly our 

models of PLB CRISPR knockout and shRNA knockdown could be missing some key 
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aspects of receptor mediated signalling compared to primary neutrophils. Similarly, 

neutrophils obtained from CD34+ differentiated cells, do not achieve a full maturity 

phenotype as compared to primary neutrophils. Therefore, we decided to test ROS 

production in A-T neutrophils since we had seen some contrasting results between 

models against the pathogen S. aureus and the lectin ConA.  

In collaboration with Charité University Hospital, Berlin, Germany, we obtained 

neutrophils from A-T patients. Our collaborators in Berlin carried out the ROS assay 

with the stimuli PMA, ConA and S. aureus. These stimuli had shown different kinetics 

in our systems. Here we show PMA respiratory burst was similar between the A-T 

patient neutrophil compared to healthy donor neutrophil (Figure 4.18 A-C). Then we 

found A-T neutrophils were able to produce a respiratory burst against ConA similar 

to a healthy donor neutrophil, this was of our surprise, since we could not get a 

respiratory burst against this stimulus in neutrophils treated with ATM inhibitor and in 

our ATM-/- dPLB, while CD34+ differentiated neutrophils showed a decrease 

production of ROS. Furthermore, A-T neutrophils also had a similar ROS production 

against S. aureus compared to healthy donor neutrophils. This was also different to 

our previous experiments. We have showed neutrophils treated with ATM inhibitor had 

a significant decrease in ROS production against this stimulus, similarly our one repeat 

in CD34+ differentiated neutrophils had a decrease in ROS production in ATM 

knockdown cells compared to scramble ones. On the other hand, our ATM-/- dPLB had 

a similar ROS production against this stimulus compared to WT dPLB.   
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Figure 4.18: Respiratory burst (ROS) against different stimuli by healthy and A-T neutrophils. (A, B, C) 

Representative time course analysis of ROS production, measured by luminol assay, in response to 

100 nM PMA (A), 50ug/ml ConA (C), S. aureus MOI 20 (n=3). 

These results opened the question, whether A-T neutrophils had been able to 

compensate for the lack of ATM. Similarly, our knockout ATM PLB could have 

undergone genetic compensation for the lack of ATM. While an acute inhibition or 

decreased expression of ATM does not give the cell the opportunity to compensate 

and therefore, we see a different response to receptor binding stimuli. This will need 

further investigation into downstream signalling leading to NOX2 activation.  

Since our ATM-/- dPLB had some interesting results in their antimicrobial activity. We 

decided to use it as a developmental model to study the development of neutrophils 

and see if defects in their development are involved in causing the defects in 

antimicrobial capacity we see in differentiated PLB.  
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4.16 Chapter Overview 

  

Overall, ROS production against PMA was not affected in all models. On the 

other hand, ConA ROS production was impaired in all models, while JE2 and 

Candida showed mixed results between models, which can be explained by the 

lack of membrane receptors or genetic compensation in PLB models.    

Antimicrobial Activity 

findings 

ATM inhibitor in 

primary 

neutrophils 

PLB CRISPR 

knockout and shRNA 

inducible Knockdown 

CRISPR 

knockdown in 

CD34+ cells 

Allowed study of 
acute ATM inhibition. 
Deficiencies in ROS 
and NETs production 
were found, 
moreover, bacterial 
killing was 
decreased. We did 
not find differences in 
degranulation.  

This model was 

limited by possible off 

target effects of the 

inhibitor. 

We found both 

knockout and induced 

knockdown of ATM 

showed deficiencies in 

ROS and NETs 

production, however 

not as marked as with 

primary neutrophils 

treated with ATM 

inhibitor.  

This model was limited 

first by the artificial 

differentiation of PLB 

into a mature 

neutrophil-like cell. 

Also, PLB do not 

express secondary 

granules and therefore 

could not be measured 

for degranulation 

This model has a 

differentiation process 

that can resemble 

more the physiological 

one. The level of 

knockdown was above 

90% and showed 

similar result in ROS 

production as previous 

models.  

This model is limited 

since we could only 

run one experiment 

and no conclusion can 

be made since it will 

need to be 

reproduced. 
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CHAPTER 5: The role of ATM in neutrophil development 

5.1 Introduction 

We showed in the previous chapter ATM-/- dPLB and A-T neutrophils have a different 

respiratory burst against the pathogen S. aureus compared to neutrophils treated with 

ATM inhibitor or shRNA knockdown. This made us question if something is happening 

in cells lacking ATM during their development, that is helping them to compensate for 

the lack of this protein through other mechanism and making them have a normal 

respiratory burst against S. aureus. Therefore, we hypothesise ATM is involved in 

neutrophil development.  

We decided to use the promyelocytic leukaemia cell line (PLB) to study the role of 

ATM in neutrophil development. Previously, this cell line has been used to study 

neutrophil biology and functionality135,145–148. It can be genetically modified and can be 

differentiated to a mature neutrophil-like cell using different reagents including N,N-

Dimethyl formamide (DMF)135,145,147–149. Neutrophil-like dPLB cells express some of 

the membrane receptors found in a mature neutrophil, for example integrin-α receptor 

(CD11b)135,145 and the formyl peptide receptor (FPR1)135,145. These can have different 

levels of expression depending on the reagent used for differentiation135,145. FCγ 

receptor IIA (CD32A)147 was also found in the membrane of PLBs differentiated with 

the previous reagents mentioned, while Pivot-Pajot and colleagues could not see 

expression of FCγ receptor IIIA (CD16b)147. A previous study done by Selmeczy and 

colleagues150, showed expression of this receptor after differentiation with DMF, 

complement receptor type 1 (CD35) was also found in the membrane of neutrophil-

like cells145. 

Similarly, expression of some granule proteins were found in these neutrophil-like 

cells147, however they fail to express specific (secondary) granules compared to a 

mature neutrophil135. Gene expression analysis performed by Rincon and 

colleagues135 found similarities in expression of genes related to primary and tertiary 

granules, secretory vesicles as well as genes involved in respiratory burst, while no 

correlation was found for genes encoding secondary granule proteins135. This was 

also shown in another study where Pivot-Pajot and colleagues147 analysed granule 
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gene expression in undifferentiated and differentiated PLB by qPCR147. Quiescent 

mature neutrophils have low transcription and short lifespan7, making it difficult to do 

genetic manipulation on these cells. Therefore, use of PLB to understand neutrophil 

behaviour in a genetic disease has been a good model as shown in by Zhen and 

colleagues149 who developed a X-CGD PLB and found the phenotype can be rescued 

by expression of transgenic gp91phox 149.  

Previously, development of T cells has been shown to be impaired in AT patients, 

showing an immature phenotype and lack of antigen receptor variety151. However, 

there is little evidence on how mutations in ATM can affect the development of 

neutrophils in these patients, this chapter aims to understand the effects of loss of 

ATM in the development of neutrophils.  

5.2 Loss of ATM leads to increased expression of integrin-α (CD11b) on 

neutrophil membrane 

Terminally mature neutrophils have a characteristic lobulated nucleus and express a 

variety of receptors on their plasma membrane, including integrin-α receptor (CD11b) 

which is known to increase its expression during neutrophil development56 and 

therefore serves as a maturity marker. We differentiated our PLB cell line with DMF 

over 6 days to obtain a neutrophil-like cell and made cytospins to analyse nuclear 

shape and cytoplasm staining. After differentiation we could only see partial lobulation 

and condensation of the nucleus compared to undifferentiated cells. Neutrophils are 

known to have a light pink cytoplasmic staining, since their granules do not react to 

the haematoxylin and eosin staining, while early progenitors show a blue staining of 

their cytoplasm. We found a change in cytoplasmic staining from a light blue cytoplasm 

at Day 0 to a light pink at Day 6 with haematoxylin and eosin9 (Figure 5.1 A). This 

allowed us to see both our WT and ATM-/- PLB were differentiating into a neutrophil-

like cell. 

To further assess if our neutrophil-like cell line was successfully differentiating, we 

measured the expression of CD11b at different stages of differentiation (Day 0, Day 4 

and Day 6). We analysed the expression of CD11b by flow cytometry and found that 

its expression in the cell membrane was increasing during differentiation (Figure 5.1 

B).  
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ATM-/- differentiated PLBs (dPLB) showed an increased expression of CD11b in their 

membrane in 6 different differentiations compared to WT dPLB (Figure 5.1 C), we 

then tested a second ATM-/- clone and showed a similar pattern of increased CD11b 

expression in 3 different differentiations compared to WT dPLB (Figure 5.1 D).  

 

 

(legend on next page) 
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Figure 5.1: WT and ATM-/- PLB differentiation into a neutrophil-like cell. Loss of ATM causes increased 

expression of CD11b receptor. PLB-985 cell line was differentiated over six days in RPMI media 

supplemented with DMF. (A) Cytospins were made with 1x104 cells and stained with eosin and 

haematoxylin dyes. Representative images of WT (left column) and ATM-/- (right column) at Day 0, 4 

and 6 of differentiation. Changes in cytoplasmic colour can be seen from Day 0 to Day 6. Nuclear shape 

is also changed from Day 0 to 4 and Day 6. (B) Representative histograms of CD11b (maturity marker) 

expression at Day 0, 4 and 6 of differentiation. (C) Quantification of B in all pooled experiments from 

clone 1 ATM-/- neutrophil-like cells show an increase expression of the maturity marker CD11b at Day 

6 of differentiation compared to WT (n=6). Paired two-tailed student’s t-test analysis, *p<0.05. (D) 

Quantification of B in all pooled experiments from clone 2 ATM-/- neutrophil-like cells show an increase 

expression of the maturity marker CD11b at Day 6 of differentiation compared to WT (n=3). Paired two-

tailed student’s t-test analysis, *p<0.05. Data is expressed as mean fluorescence intensity (MFI) ± SEM.   

We questioned if this phenotype was also happening in neutrophils of AT patients. We 

obtained neutrophils from 4 A-T patients and 3 healthy controls from a collaboration 

with Charité University Hospital, Berlin Germany. We analysed 8 different membrane 

receptors and found that CD11b was significantly increased in neutrophils from AT 

patients compared to healthy controls (Figure 5.2 B). These results showed 

development of neutrophils is affected by the loss of ATM. We then went on to analyse 

mitochondrial capacity during development, since it is known that neutrophils change 

from oxidative phosphorylation (OXPHOS) to glycolysis to fulfil their energy 

requirements, and ATM has been shown to be involved in mitochondrial stability 

(mitophagy)38. 
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Figure 5.2: Neutrophils from A-T patients show increased CD11b. Whole blood from healthy and A-T 

donors was stained with an 8-colour panel, CD14 was used to gate out monocytes, while IL5-R was 

used to gate out eosinophils. (A) Gating strategy to isolate neutrophils from whole blood. After gating 

for single cells using Forward Scatter Area (FSC-A) against FSC height (FSC-H), we gated neutrophil 

population as CD14- CD15+. (B) Quantification of A in all pooled A-T patients (n=4) and healthy donors 

(n=3); A-T neutrophils show an increase in expression of the receptor CD11b compared to healthy 

donors’ neutrophils. Unpaired two-tailed student t-test *p<0.05 (C) Heatmap showing the different MFI 

for each individual donor and patient for six of the markers. Two-way ANOVA *p<0.05 (n=3 healthy 

donors) and (n=4 A-T patients). Data is expressed as mean fluorescence intensity (MFI) ± SEM.   

5.3 Loss of ATM does not affect neutrophil mitochondrial capacity but increases 

glycolytic capacity 

Development of neutrophils is marked by a shift from OXPHOS to glycolysis to fulfil 

the energy requirement of the cell38. Neutrophils are also known to decrease 

mitochondrial mass during their development44, defining a shift in metabolic pathways. 
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We decided to analyse these changes in metabolism in our ATM-/- PLB cell line (clone 

1) using the Seahorse extracellular flux analyser. This technique allows us to 

distinguish between reliance on glycolysis versus mitochondrial oxidation, using 

reagents that interfere with either pathway. Glycolysis is measured by measurements 

of the extracellular acidification rate (ECAR) caused by release of lactate through 

glycolysis. While OXPHOS is detected by measurement of oxygen consumption rate 

(OCR) caused by oxygen being used by mitochondria to fuel the electron transport 

chain.  

We analysed mitochondrial respiration and glycolytic capacity of wild type and ATM-/- 

undifferentiated PLB and dPLB using the mitochondrial stress test. This test first 

injects the drug Oligomycin which blocks the complex V of the electron transport chain, 

then there is the injection of the mitochondrial membrane uncoupler carbonyl cyanide 

4-(trifluoromethoxy)phenylhydrazone (FCCP) which cause the mitochondria to work 

at its full capacity. Finally, a combined injection of Rotenone an inhibitor of Complex I 

and Antimycin A an inhibitor of complex 3 completely shuts down mitochondrial 

activity. We first focused on the basal reads of oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR), which allows to analyse which pathway is being 

used by the cell under normal conditions and prior to the first injection of the drugs. 

We could see that undifferentiated PLB cells rely more on mitochondrial activity to 

generate energy, while dPLB rely more on glycolytic activity (Figure 5.3 A-D). This 

result confirmed that our PLBs were differentiating into a neutrophil-like cell line, as it 

showed a shift from oxidative phosphorylation (OXPHOS) to glycolysis to generate 

energy, something that has previously been shown for primary neutrophils38,44.  We 

could not see a difference in mitochondrial capacity between WT and ATM-/- cells in 

either undifferentiated PLB and dPLB. On the other hand, we found a significant 

increase in glycolytic capacity of ATM-/- dPLB compared to WT, the same effect was 

not seen in the undifferentiated ones (Figure 5.3 D). Therefore, we decided to further 

test the difference in glycolytic capacity seen in our dPLB. 
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Figure 5.3: ATM loss does not affect mitochondrial capacity but does enhance glycolysis in 

differentiated neutrophil-like cells. PLB undifferentiated (D0) and differentiated (D6) cells were tested 

using the extracellular flux analyser Seahorse (Agilent Technologies). Oxygen consumption rate (OCR) 

measurement shows mitochondrial capacity while extracellular acidification rate (ECAR) corresponds 

to glycolytic capacity. (A) Kinetic measurement of OCR in ATM-/- and WT PLB undifferentiated and 

differentiated. Mitochondrial stress test was carried out without inhibitor (basal reads), after injection of 

the complex V inhibitor (Oligomycin; 2.5μM), after mitochondrial membrane uncoupler (FCCP; 0.5μM) 

injection and finally after injection with complex I and III inhibitors (Rotenone and Antimycin-A; 0.5μM).  

(B) Bar graph showing basal oxygen consumption (C) Kinetic measurement of ECAR in ATM-/- and WT 

PLB at day 0 and 6. (D) Basal measurement shows day 6 PLB are more glycolytic compared to day 0, 

and ATM-/- day 6 are significantly more glycolytic than WT PLB Day 6 of differentiation (n=6). Data is 

expressed as mean ± SEM, two-way ANOVA with multiple comparison test *p<0.05, **p<0.003, 

***p<0.0003. 
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To test if ATM-/- dPLB were in fact more glycolytic than WT dPLB, we analysed their 

glycolytic function using the glycolysis stress test. This test relies on starving the cell 

from glucose prior to the test and then inject glucose to measure the glycolytic and 

maximal glycolytic function of the cells; by injecting glucose and a mitochondrial 

membrane inhibitor, this forces the cell to only rely on glycolysis, moreover we use 2-

deoxy-d-glucose (2-DG) to inhibit glycolysis. Firstly, we analysed glycolysis in ATM-/- 

and WT undifferentiated and dPLB. ECAR measurements after glucose injection 

showed both WT and ATM-/- undifferentiated PLB had a similar glycolysis activity. 

There was a trend of increased glycolysis between undifferentiated and differentiated 

WT PLB, while there was a significant increase in ATM-/- dPLB compared to 

undifferentiated ones (Figure 5.4 A and B). We could see there was a trend of 

increased glycolysis in ATM-/- dPLB compared to WT dPLB, however, we could not 

see a significant difference (Figure 5.4 B). 

Then we analysed the glycolytic capacity which refers to the maximal glycolysis a cell 

can perform after inhibition of mitochondrial metabolism using the complex V inhibitor 

oligomycin. We could see an increase in glycolytic capacity of both WT and ATM-/- 

dPLB compared to undifferentiated ones, however this increase was not significant 

(Figure 5.4 C). Also, similar levels of glycolytic capacity were seen across conditions, 

opposite to basal glycolysis where we could see an increased trend in ATM-/- dPLB 

compared to WT.  

In summary, we were able to confirm our WT and ATM-/- PLB were undergoing 

metabolic changes typical of neutrophil differentiation as they shift from OXPHOS to 

glycolytic metabolism. Furthermore, we saw that at basal levels ATM-/- dPLB had a 

trend to be more glycolytic compared to WT dPLB, this result together with the 

increased expression of CD11b marker raised the question of whether loss of ATM 

could cause a hyper maturation phenotype in neutrophils. To address this question, 

we decided to analyse nuclear shape and size of PLB during differentiation, since a 

hallmark of neutrophil development is their ability to compact their chromatin to form 

the characteristic lobulated nucleus7,44. 



 

 76 

 

Figure 5.4: PLB differentiation increases glycolytic capacity in both WT and ATM-/- dPLB. PLB 

undifferentiated (D0) and differentiated (D6) cells were tested using a glycolysis stress test using the 

extracellular flux analyser Seahorse (Agilent Technologies). Extracellular acidification rate (ECAR) 

corresponds to glycolysis. (A) Kinetic measurement of ECAR in ATM-/- and WT PLB at day 0 and 6. 

Glycolysis stress test was carried out with media without glucose (basal reads), after injection of glucose 

10mM, then injection of Oligomycin 2.5μM and finally injection of 2-Deoxy-D-Glucose (2-DG) 50mM. 

(B) Measurement after glucose injection shows day 6 PLB are more glycolytic compared to day 0, and 

ATM-/- day 6 show an increase glycolytic trend compared to WT PLB Day 6 of differentiation (n=4). (C) 

Measurement after oligomycin injection shows day 6 PLB have an increased glycolytic capacity trend 

compared to day 0 (n=4). Two-way ANOVA with multiple comparison test *p<0.05. Data is expressed 

as mean ± SEM, 
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5.4 ATM is potentially involved in neutrophil nuclear compaction during 

differentiation 

Neutrophil differentiation from hematopoietic stem cell to a mature neutrophil is 

characterised by the compaction and multilobulation of the nuclei7. We decided to test 

if loss of ATM was involved in the compaction and shape of the nuclei in our PLB 

model using transmission electron microscopy (TEM) imaging to analyse nuclear 

shape and size during three different days of differentiation (Day 0, 4 and 6) (Figure 

5.5 A). 

 

Figure 5.5: Loss of ATM potentially causes impaired nuclear compaction in differentiated neutrophil-

like cells. (A) Representative transmission electron microscopy (TEM) images of WT and ATM-/- PLB at 

Day 0, 4 and 6 of a single differentiation experiment. (B) Analysis of nuclear size throughout 

differentiation show less nuclear compaction in ATM-/- cells at Day 6 compared to WT. (n=1 

differentiation), 10-15 individual cells were imaged for each condition and day. Data is expressed as 

area (μm2) ±SEM. Two-way ANOVA analysis for interaction across days of differentiation **p<0.003. 

Unpaired t-test was performed at Day 6 *p<0.05.  

We analysed cells from a single differentiation and quantified at least 10 cells for each 

day of differentiation. We found that ATM loss at day 0 of differentiation did not show 

any difference in nuclear shape or ratio of nucleus to cytoplasm when compared to 
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wild type. We could see a trend of smaller nuclei of WT cells at day 4 compared to day 

0, but there was no difference at day 4 between conditions. We detected a significant 

decrease in nuclear size between day 6 and day 0 in WT PLB (Figure 5.5 B), however 

no significant difference in nuclear size was seen in ATM-/- cells between day 0 and 6. 

At day 6 we saw a significant difference in nuclear size: WT PLB showed a smaller 

nuclear area compared to ATM-/- PLB. This result showed a defect in nuclear 

compaction in ATM defective cells. ATM has been linked with nuclear compaction 

during DNA repair after double strand breaks152 , and our result suggests a role for 

ATM in nuclear compaction during neutrophil development.  

We wanted to know if the difference in nuclear size seen in the PLB will be similar in 

neutrophils from A-T patients. We were able to obtain neutrophils from two healthy 

donors and three A-T patients at Charite University Hospital, Berlin Germany. The 

isolated neutrophils were stained with DAPI, a DNA-specific dye. Images were 

acquired and nuclear shape was analysed by confocal microscopy (performed by 

Christian Goosman, Max Planck Institute for Infection Biology, Berlin) (Figure 5.6 A). 

We analysed DAPI mean fluorescence intensity and volume of the nuclei to see if 

there was a difference in size and compaction between healthy donors and patients. 

We found A-T neutrophils had decreased nuclei fluorescence intensity compared to 

healthy donor neutrophils, while this was not significant, it could mean their nuclei are 

less compact since brighter nuclei staining is likely related to a higher compaction state 

(Figure 5.6 B). On the other hand, we did not see any difference in the volume of the 

neutrophil nuclei between healthy donors and A-T patients (Figure 5.6 C). 

In summary, we found loss of ATM in PLB has an effect on nuclear compaction, as 

seen in the increased nuclear size of ATM-/- PLB at Day 6 compared to WT. However, 

because of time constraints, TEM was performed on a single differentiation and must 

be repeated. On the other hand, we could not see the same effect on the neutrophils 

from A-T patients compared to healthy donors, where the size was similar between 

conditions. Moreover, we found a decompaction trend in the nuclei of A-T neutrophils. 

These differences could be caused by methodological differences; while both 

transmission electron and confocal microscopy allow to analyse the cell slice by slice, 

the resolution and state of the cell is different. While cells prepared for TEM are in 

suspension, cells prepared for confocal microscopy are attached to a coverslip and 
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the shape of the nuclei can change depending on attachment efficiency and how 

spread out the cell is. To further understand if loss of ATM had effects on chromatin, 

we decided to analyse expression of different genes by qPCR at different days of PLB 

differentiation.  

 

(legend on next page) 
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Figure 5.6: A-T patients’ neutrophils potentially have less chromatin compaction. Confocal images were 

acquired in a SP8 confocal microscope by Christian Goosman at Max Planck, Berlin. (A) Representative 

images of healthy donor (n=2) and A-T (n=3) neutrophils stained with DAPI. (B) DAPI mean 

fluorescence intensity (MFI). Ten individual cells were analysed, and MFI values were averaged for 

each healthy donor n=2 and A-T patients n=3. (C) Nuclear volume (μm3). Ten cells per individual donor 

and 20 stacks per cell were analysed to obtain the volume of the nuclei. Images were analysed using 

MIA plugin on ImageJ and workflow was made my Dr Dominic Alibhai (Wolfson imaging facility, Bristol). 

Unpaired student’s t-test was performed, and no significant differences were found. Data is expressed 

as ±SEM. 

5.5 ATM loss alters gene expression 

ATM is known to be involved in chromatin decompaction and the rearrangement of 

the nuclear landscape in response to DNA damage152 . Since neutrophils can turn off 

the transcription of genes no longer needed and turn on the transcription of other 

genes when they differentiate38, we wondered if ATM modulates this mechanism.  

We used 3 different differentiation days (0,4 and 6) in both WT and ATM-/- PLB (clone 

1) and analysed by qPCR genes that are expressed in early, mid and late stages of 

neutrophil development. Firstly, we quantified the expression of myeloperoxidase 

(MPO) and cathepsin G (CSTG) throughout the differentiation process. We found both 

genes were highly expressed at Day 0 in both WT and ATM-/- and decreased their 

expression throughout the next differentiation days (Figure 5.7 A and B). This result 

agrees with the literature were genes of azurophilic granules are expressed in early 

stages of development (promyeloblast) and decrease their expression with advancing 

differentiation7,56. Noteworthy, we found that MPO had a significant increase 

expression in ATM-/- Day 0 PLB compared to WT, although this effect may be driven 

by outliers. A similar trend was observed with CSTG, however this was not significant. 

Then we went on to analyse the expression of genes that are upregulated in later 

stages of neutrophil development such as peptidyl arginase deaminase 4 (PAD4), 

arginase (ARG1), leucine rich repeat kinase 2 (LRRK2) and aquaporin 9 (AQP9), 

ARG1 is known to be stored in the gelatinase (tertiary) granules, which appear during 

the metamyelocyte stage of neutrophil development64,66. We found ARG1 to be 

gradually upregulated from Day 0 to Day 6, having the higher expression at Day 6 of 

differentiation in both WT and ATM-/-.  ATM-/- PLB at Day 6 had a significantly 
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increased expression of ARG1 compared to WT (Figure 5.7 C). LRRK2 is found in 

the cytoplasm of neutrophils and is involved in vesicular trafficking153. LRRK2 

expression increased from Day 0 to Day 6 in WT PLB, on the contrary, ATM-/- PLB did 

not increased the expression of LRRK2 during differentiation and showed a 

significantly decreased expression at Day 6 compared to WT (Figure 5.7 D).

 

(legend on next page) 
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Figure 5.7: Loss of ATM alters gene expression. Quantitative Real-time PCR (qRT-PCR) analysis of 

gene expression in PLB cells. Transcript abundance of genes expressed in early stages of 

differentiation; MPO and CSTG are proteins of azurophilic granules transcribed during the promyelocyte 

stage (A and B), genes expressed in late stages of development; PAD4, ARG1, LRRK2 and AQP9 

increase transcription during metamyelocyte stage (C-F), and lineage defining genes: IL5-R is 

expressed in eosinophils while CSF3R is predominantly expressed in neutrophils (H and I). Data is 

expressed as fold change compared to Day 0 ± SEM. Two-way ANOVA with multiple comparison was 

used to analyse significant differences after Log2 transformation of the data. **p<0.003, ***p<0.0003 

(n=6-12) 

AQP9 is found on the plasma membrane of neutrophils154. We found AQP9 increased 

its expression in WT PLB from Day 0 to Day 6, while ATM-/- cells did not change their 

expression levels during differentiation; at Day 6 we can see a trend for decreased 

expression in ATM-/- PLB compared to WT (Figure 5.7 D); however this was not 

significant. 

PAD4 is expressed after the myelocyte stage and is found in the cytoplasm of 

neutrophils7. PAD4 expression increases from Day 0 to Day 4 and remains similar at 

Day 6 in WT PLB, this pattern was similar in ATM-/- PLB, however ATM-/- had a 

significant decrease expression at Day 4 (Figure 5.7 E), compared to WT and by day 

6 they showed a similar level of expression compared to WT PLB. We also used 

granulocyte colony stimulating factor receptor (CSF3R) to corroborate our PLB were 

differentiating into a neutrophil-like cell. We could see an increase in CSF3R 

expression from Day 0 to Day 6 in both WT and ATM-/- PLB, there was no difference 

in gene expression between WT and ATM-/- throughout the three different 

differentiation days. 

Finally, we decided to analyse if loss of ATM could affect lineage commitment. We 

decided to test for a gene marking eosinophil fate, we used interleukin 5 receptor (IL5-

R) as a marker of eosinophil differentiation. Which has been previously shown to be 

increased in PLB defective in histone 1 variants45. IL5-R expression was not affected 

during differentiation in either WT and ATM-/- PLB.  

In summary, we found loss of ATM dysregulates gene expression during PLB 

differentiation, with gene-specific transcriptional changes, with upregulation of some 

genes and downregulation of others. We wanted to assay expression changes in a 
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more unbiased manner. Therefore, we decided to analyse protein abundance in 

differentiated PLBs by using mass spectrometry to see if we could find similar results. 

5.6 ATM loss decreases expression of C-type lectin receptors 

In a preliminary experiment, we analysed by tandem mass spectrometry (TMT) day 6 

differentiated cells from two independent differentiations. A third differentiation was 

excluded because of failure to detect upregulation of differentiation markers and failure 

to cluster with their counterparts during principal component analysis (PCA). We 

detected a total of 3180 proteins (Figure 5.8), using a cut off of (p<0.05) we found 120 

proteins with significantly altered expression, furthermore, we only found 1 protein that 

passed a 1 Log two-fold change difference threshold. We were unable to replicate 

findings of increased expression of CD11b previously found by flow cytometry, 

indicating our mass spectrometry experiment was not sensitive enough, likely due to 

small sample size. Furthermore, this experiment lacked analysis of undifferentiated 

cells. Since some controls were missing, and we were only able to analyse two 

independent differentiations, we decided to use this data as preliminary data. Due to 

the sub optimally low number of replicates, we failed to detect differentially expressed 

proteins, with the exception of a single one. Interestingly the membrane receptor 

CLEC5A (Figure 5.8) demonstrated a significant decrease in ATM-/- dPLB compared 

to WT. CLEC5A is a C-type lectin important in pathogen recognition, including 

detection of S. aureus, potentially explaining deficient killing of this microbe (Figure 

4.1 A). 

To confirm reduced expression of CLEC5A we analysed transcript abundance in   

ATM-/- dPLB compared to WT.  We analysed by qPCR between six and twelve 

independent differentiations at Day 0, 4 and 6. We found the expression of CLEC5A 

increased from day 0 to day 6 in both ATM-/- and WT PLBs and no difference was seen 

between conditions at day 0 and 4. However, by day 6 we could see a significant 

decrease in the expression of CLEC5A in ATM-/- cells compared to WT (Figure 5.9 

A), confirming our proteomic result. We then went on to analyse other C-type lectin 

receptors known to be expressed in neutrophils and PLBs to see if their expression 

was also altered by loss of ATM. 
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Figure 5.8: Loss of ATM affects CLEC5A expression in neutrophil-like cells. Tandem mass 

spectrometry analysis of ATM-/- and WT dPLB. Volcano plot showing protein abundance between ATM-

/- and WT dPLB, displayed as log10 p-value and log2 fold change p<0.05 (n=2). 

We found that CLEC4E (Mincle), CLEC6A (Dectin-2) and CLEC7A (Dectin-1) follow a 

trend of increasing expression from day 0 to day 6 with no significant difference at day 

0 or 4 between conditions, except from Clec6A where we can see a significant 

decrease in ATM-/- cells compared to WT at day 4. Moreover, at day 6 we could see a 

significant decrease in gene expression for the three CLECs in ATM-/- compared to 

WT (Figure 5.9 B-D).  On the other hand, we saw CLEC12A (inhibitory receptor) 

showed a trend to decrease its expression from day 0 to 6; we found a significant 

decrease in ATM-/- cells compared to WT at day 4 and 6 of differentiation. These 

results confirm that expression of C-type lectin receptors is impaired in ATM-/- cells, as 

seen before in the relative expression of CLEC5A protein by mass spectrometry.  

Finally, we analysed by flow cytometry the expression of CLEC5A in undifferentiated 

PLB and dPLB. We found expression of CLEC5A increased after differentiation in both 
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ATM-/- and WT as seen in the histogram (Figure 5.10 A). As seen before in our mass 

spectrometry data and gene expression, we could see a decreased expression of 

CLEC5A receptor in the ATM-/- dPLB clone 1 compared to WT (Figure 5.10 B). 

However, this was not the case in ATM-/- dPLB clone 2 (Figure 5.10 C). 

In summary, we found that CLEC5A receptor was decreased in one clone of ATM-/- 

dPLB by three different methods, although this was not confirmed in a second clone. 

Regulation of CLEC proteins by ATM thus needs further investigation and is ongoing. 

Nevertheless, there is evidence to indicate that ATM regulates gene expression in 

neutrophils and so we decided to see if these alterations were caused by defects in 

the chromatin landscape or nuclear structure. 

 

(legend on next page) 
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Figure 5.9: Loss of ATM decreases the expression of C-type lectin receptors. (A-E) Relative gene 

expression of indicated genes in ATM-/- and WT PLB at Day 0, 4 and 6 post start of differentiation (n=6-

12). Statistical analysis was performed by two-way ANOVA with multiple comparison test after Log2 

transformation of the data. *p<0.05, **p<0.003, ****p<0.0001. Data is expressed as ± SEM. 

 

Figure 5.10: Loss of ATM decreases the expression of CLEC5A in dPLB. (A) Representative 

histograms of CLEC5A expression at Day 0 and 6 of differentiation. (B) Quantification of A in all pooled 

experiments from clone 1 (n=6) and (C) clone 2 (n=3): ATM-/- neutrophil-like cells show a decrease 

expression of the C-type lectin receptor CLEC5A Day 6 of differentiation compared to WT, Paired two-

tailed t-test analysis, *p<0.05. Data is expressed as ± SEM. 

5.7 ATM loss affects heterochromatin marks but not nuclear lamina composition 

It has been shown ATM can regulate heterochromatin and euchromatin transitions 

during DDR155. For instance, it regulates chromatin compaction states at the ends of 

DNA breaks by phosphorylating KRAB-associated protein 1 (KAP-1)112. For instance 

it has been shown in lymphoblasts lacking ATM an aberrant distribution of highly 

condensed chromatin areas throughout the nucleus in comparison to WT lymphoblast 

where they are found in the periphery of the nuclei152. Therefore, we decided to 

analyse the expression of two different epigenetic marks related to constitutive 

(H3K9me3) and facultative (H3K27me3) heterochromatin156. Constitutive chromatin 
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has been shown to be enriched with H3K9me3 and present with hypoacetylation and 

can be found in satellite regions and repeated sequences156. While facultative 

heterochromatin has been shown to be enriched with H3K27me3 and contrary to 

constitutive heterochromatin, it is found in areas of active genes156; therefore, it can 

be reverted to an open conformation when genes need expressing and can be 

repressed when the gene is no longer needed. We also looked at nuclear lamina 

components, as it has been shown that the nuclear lamina composition changes over 

neutrophil differentiation157 . We could not detect a difference in the expression of 

Lamin A/C and B1 between WT and ATM-/- dPLB clone 1, however we could see a 

trend for increased expression in Lamin A/C from day 0 to day 6 in both conditions 

(Figure 5.11 A-C). We then analysed the expression of the two different 

heterochromatin marks. We could not see a difference in the constitutive mark 

(H3K9me3) between conditions and over the course of differentiation. On the other 

hand, we found a significant decreased expression of the facultative mark 

(H3K27me3) in ATM-/- PLB clone 1 compared to WT on the three different days of 

differentiation (Figure 5.11 A and D-E). This result could potentially explain the 

alteration in gene expression, as this repressive mark is known to appear in genes 

that are silenced156.  

In summary, we found the facultative repressive mark was significantly decreased in 

ATM-/- cells, while the constitutive repressive mark and the nuclear lamina variants 

had no significant difference compared to WT cells. However, it remains unclear if this 

is a clonal effect and this result needs to be validated with additional ATM knockout 

clones. 
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(legend on next page) 
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Figure 5.11: Loss of ATM does not significantly affect nuclear lamina expression and constitutive 

heterochromatin but does decrease facultative heterochromatin. (A) Representative western blots for 

indicated protein, samples were normalised to loading control α-Tubulin or Histone H3. (B-E) 

Quantification of western blots during ATM-/- and WT PLB differentiation (n=3). Data is expressed as 

mean ± SEM, paired t-test was performed in samples from each day of differentiation *p<0.05, 

**p<0.003. 

In conclusion, we found in this chapter loss of ATM dysregulates neutrophil 

development. Firstly, we found both ATM-/- dPLB and A-T neutrophils have an 

increased expression of the maturity marker CD11b compared to WT dPLB and 

healthy donors respectively. In addition, glycolytic capacity was increased in ATM-/- 

dPLB compared to WT dPLB; altogether, this could demonstrate a hyper mature 

neutrophil phenotype. Moreover, dysregulation in gene expression showed there was 

an increase in granule gene expression (eg MPO, CSTG and ARG1), while genes 

involved in maturation such as (PAD4, LRRK2 and AQP9) had a downregulated 

expression pattern compared to WT PLB.  

The expression of C-type lectin receptors genes was also downregulated in ATM-/- 

PLB compared to WT, while expression of CLEC5A in dPLB membrane was also 

decreased compared to WT dPLB, although this awaits confirmation in additional 

clones. These changes in expression of genes and membrane receptors can 

potentially be explained by the changes in nuclear shape and chromatin compaction 

seen in both ATM-/- dPLB and neutrophils from A-T patients. Our preliminary Western 

blot data indicates that H3K27me3 repressive chromatin mark is downregulated. It is 

possible that there are few changes in the amount of repressive marks, however their 

particular distribution could be affecting the expression of the previously mentioned 

genes. Further experiments are needed to understand which pathways are enhanced 

and which ones are downregulated. RNAseq analysis of healthy donors and A-T 

patients will be the ideal experiment to follow up and identify in a non-biased way the 

pathways that are dysregulated. To directly probe chromatin compaction level in A-T 

neutrophils, ChIP-seq or ATAC-seq can be taken to understand which chromatin 

marks are increased or decreased.  
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5.8 Chapter Overview 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Overall, we found ATM loss affects gene expression during PLB 

differentiation to a mature neutrophil-like cell. We found integrin CD11b had 

increased expression in both AT primary neutrophils and ATM-/- PLB.  
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Development findings 

PLB ATM 

CRISPR 
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AT patient primary 
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Enable the opportunity to 

analyse neutrophil development 

through gene expression 

measured by qPCR. CD11b 
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Nuclear compaction using 

transmission electron 
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This model was limited by the 

lack of secondary granules and 

expression of some membrane 

receptors that appear during 

neutrophil development, so 

couldn’t be measured by either 

flow cytometry, qPCR or 

western blotting. 

Allowed for the study of 

membrane receptors through 

flow cytometry. Allowed for 

confocal microscopy of the 

nuclei.  

This model was limited since 

the samples were obtained in 

Berlin and processed there. 

Could not repeat qPCR and 

transmission electron 

microscopy on this samples. 
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CHAPTER 6:  Discussion 

This work aimed to understand the role of ATM in the activity and development of 

neutrophils. Immunodeficiencies in A-T patients had been focused on 

immunoglobulins deficiencies and adaptive immunity98,151,158. Previous studies in B 

and T-cells from A-T models have shown defects in class switch recombination 

(CSR)151,158 and variable diversity joining (V(D)J)159,160, affecting the development, 

variety of receptors and immunoglobulins102. However, neutrophil activity and 

development in A-T have not been fully described. It has been shown that neutrophils 

in A-T disease have a longer lifespan and increased pro-inflammatory phenotype, 

characterised by increased IL-8 secretion82. Another study in a mouse model in the 

context of lung injury and sepsis-induced by bleomycin, showed loss of ATM caused 

increased myeloperoxidase and higher neutrophil counts in bronchoalveolar lavage 

samples161. Additionally, it has been shown that A-T neutrophils are more susceptible 

to undergo spontaneous Netosis in comparison to healthy donors162. This project 

aimed to address some of these questions using as an experimental model the 

promyelocytic leukaemia cell line PLB-985, where we were able to knockout ATM. 

6.1 Loss of ATM does not affect cell lineage commitment to neutrophil-like cell 

but affects phenotype 

Firstly, we demonstrated PLB differentiation into a neutrophil-like cell was not affected 

by the loss of ATM. A study made by Sollberger and colleagues shows deficiency of 

histone 1 variants (H1.2 and H1.4) drives PLB differentiation into an eosinophil-like 

cell, as seen by the increased expression of  IL5R and GATA-145. We found loss of 

ATM did not affect eosinophil lineage commitment as expression of IL5R measured 

by qPCR was not increased and had a similar expression to wildtype PLB before, 

during and after differentiation. Additionally, we showed similar expression of G-CSF 

Receptor (CSF3R) compared to wild type and saw an increased expression in both 

WT and ATM-/- dPLB compared to undifferentiated cells.   

ATM-/- dPLB had increased expression of the maturity marker CD11b after 

differentiation with DMF, compared to undifferentiated ATM-/- cells. Different 

groups145,147,148,163 differentiate WT PLB with all-trans retinoic acid, DMSO or DMF, 
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and showed by flow cytometry analysis increased CD11b expression in WT dPLB after 

differentiation. We further showed ATM-/- dPLB have significantly higher levels of 

CD11b surface expression compared to WT. Similarly, we found neutrophils from A-T 

patients had increased CD11b expression compared to healthy donor neutrophils. 

This can be related with a hyper-mature neutrophil phenotype, however we do not see 

hyper-lobulation in either ATM-/- dPLB or A-T neutrophils. 

A study done by Pivot-Pajot and colleagues147 showed WT dPLB phagocytic capacity 

by confocal microscopy and flow cytometry using fluorescently labelled zymosan 

particles. In this project we showed ATM-/- dPLB had the ability to phagocytose S. 

aureus.  Moreover, S. aureus killing was decreased in ATM-/- compared to WT dPLB, 

this will be further discussed in section 6.3. WT dPLB have been shown to have a 

respiratory burst against TNF-α, fMLP and PMA148,163, as well as being able to release 

NET-like structures164,165. Similarly, ATM-/- dPLB were able to produce ROS and NET-

like structures against the soluble PKC agonist PMA but failed to do so in response to 

the lectin ConA.  

In this section, we have shown loss of ATM does not affect neutrophil lineage fate in 

PLB differentiation, however, there are differences in the phenotype compared to WT. 

For instance, increased expression in the membrane receptor CD11b and defects in 

antimicrobial capacity and respiratory burst that will be covered in the next sections.  

6.2 Inhibition or loss of ATM impairs oxidative burst in response to ConA but 

not PMA 

Neutrophils are known to carry out different activities to fight pathogens; they can 

phagocytose, undergo a respiratory burst, release NETs, degranulate their 

antimicrobial peptides and migrate towards a chemotactic gradient7,8,68. Previous 

studies have shown that both neutrophils and dPLB are able to mount a respiratory 

burst against the soluble stimuli PMA46,163,166, as well as release NETs87,164. In this 

study, we found respiratory burst against PMA was not affected by pharmacological 

inhibition, CRISPR knockout, or shRNA knockdown of ATM. Similarly, NET production 

in response to PMA was similar to vehicle in ATM-inhibitor treated neutrophils and in 

ATM-/- and wild type dPLB. PMA is known to activate PKC directly and, in turn, induce 

the respiratory burst by NADPH oxidase complex activation82. In order to analyse 
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membrane signalling, we decided to use the lectin ConA as stimulus since it requires 

binding to membrane receptors and signaling via spleen tyrosine kinase (SYK) to 

induce ROS production167. We found that both pharmacological inhibition and loss of 

ATM abolish the respiratory burst in primary neutrophils and dPLB compared to the 

vehicle and wildtype controls. ConA-induced NET formation in primary neutrophils 

treated with ATM inhibitor and in ATM-/- dPLB was also blocked, which is to be 

expected, since the respiratory burst is required for ConA NETs, as seen in a previous 

study where CGD neutrophils failed to release NETs against ConA88. There is the 

possibility that PMA bypasses any need for ATM to be involved in transducing 

downstream signalling. It has been shown ATM is required for TLR3 downstream 

signalling activation of NF-κB in HEK293T cells168; however, in neutrophils from A-T 

patients, NF-κB activity is enhanced82.  

We observed differences between the chemical inhibition of ATM and the genetic loss 

of ATM in PLB compared to neutrophils from A-T patients in ROS production. We 

showed PMA respiratory burst was not affected between the three conditions, 

however, ConA respiratory burst as mentioned before was blocked in ATM-/- dPLB and 

chemically inhibited primary neutrophils, while A-T primary neutrophils had a similar 

ConA respiratory burst compared to healthy controls. These differences could be off-

target effects of the inhibitor blocking different signalling pathways. PLBs do not 

express as many receptors as a mature neutrophil, and it is possible other receptors 

are involved in primary neutrophils in transducing downstream signalling without the 

need for ATM. It will be interesting to also test A-T neutrophils NET production against 

ConA since we could not do this experiment during this project.  

While we don’t see the same phenotype in A-T patients compared to our CRISPR 

knockout PLB, it could be possible that our findings in PLBs is caused by a clone 

specific defect, therefore a good way to elucidate this will be testing multiple clones 

with the same stimuli. Another possibility is that A-T neutrophils are compensating for 

the loss of ATM through different receptors that don’t require ATM downstream 

signalling. On the other hand, ATM-/- PLB might also be compensating for the loss of 

ATM (eg. with S. aureus) but fail to do so in response to ConA as they do not express 

as many membrane receptors and granules compared to a primary neutrophils147,169. 

It will be interesting to test this in neutrophils from ATM-/- mice and see if they show a 
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similar response to A-T neutrophils, since they will express more membrane receptors 

and granular proteins that might be important for the compensation mechanism.  

The difference seen with the inhibitor could be caused by off-target effects involving 

other signalling pathways that are necessary for transducing the signal. KU55933 

inhibitor is known to inhibit with less efficiency DNA-PK, ATR which are known to have 

similar targets to ATM as both of them are part of the DDR signalling107,110. It will be 

worth trying to block other receptors that are involved in the recognition of ConA and 

using inhibitors of other kinases involved in the signal transduction leading to ROS 

production to see if we can recapitulate the phenotype. Similarly, we could try a double 

knockout PLB cell line targeting ATM and ATR or DNA-PK. This could help us 

elucidate if our inhibitor is also affecting their function. Another cause for this 

phenotype could be a lack of compensation upon pharmacological inhibition, since it 

is an acute treatment, it does not give the cell enough time to compensate for the 

inhibition of ATM. Future research could explore if an ATM kinase dead PLB would 

also show a similar phenotype since it has been shown to be a more lethal phenotype 

in mice100.    

6.3 Pharmacological Inhibition and loss of ATM impairs neutrophil antimicrobial 

activity 

Neutrophil antimicrobial capacity has been poorly studied in A-T patients; a study 

made by Datta and colleagues showed neutrophil antimicrobial capacity against C. 

albicans was not affected in A-T patients170. In contrast, we show inhibition of ATM in 

primary neutrophils impaired their ability to kill S. aureus compared to vehicle control. 

This was not related to their phagocytic capacity since phagosome formation was not 

affected in ATM inhibited neutrophils. We then tested respiratory burst, degranulation, 

and pathogen engagement. The former has been shown to be required for the killing 

of gram positive bacteria by neutrophils 23, while degranulation and pathogen 

engagement can tell us the degree of activation of the neutrophil.  

We showed a significant decrease in respiratory burst against S. aureus as well as for 

C. albicans and the mincle agonist TDB in primary neutrophils treated with ATM 

inhibitor. Cytoplasmic ATM has been shown to promote the pentose phosphate 

pathway after being activated by ROS128,171. The pentose phosphate pathway (PPP) 
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is involved in the production of NADPH that is required to prevent oxidative damage128, 

however in neutrophils NADPH production is required for a proper NOX2 activity35,81. 

It was recently shown by Britt and colleagues172 that NADPH production by PPP is 

necessary for the production of superoxide by NOX2, and neutrophil respiratory burst 

was blocked by using an inhibitor of PPP. Inhibition of ATM could be affecting this 

pathway and, in turn, decreasing the amount of ROS released, impairing the 

antimicrobial capacity against S. aureus. Previous studies using metabolomics172 have 

shown a shift from glucose metabolism to PPP after PMA activation, it will be 

interesting to see if this is also happening in neutrophils against S. aureus and see if 

this is decreased when treated with an ATM inhibitor. Similarly, we could use an 

inhibitor of PPP and see if this defect in antimicrobial activity against S. aureus can be 

recapitulated. This will help us explain the mechanism by which ATM is affecting the 

antimicrobial capacity of neutrophils.  

The defect in bacterial killing was recapitulated in PLBs where ATM was knocked out 

using CRIPS/CAS9 technology. We find WT dPLB are not as effective as primary 

neutrophils in killing bacteria, as shown in previous studies75,173.  

Moreover, ATM-/- dPLB had less killing ability compared to wildtype dPLB, 

recapitulating the results shown with the inhibitor-treated primary neutrophils. 

Similarly, pathogen engagement was not affected in ATM-/- dPLB compared to 

wildtype. It will be important to repeat this experiment with a second clone or with our 

shRNA PLB model to exclude any effect of cell cloning. On the other hand, the 

respiratory burst was not affected in ATM-/- dPLB compared to wildtype when 

stimulated with S. aureus, C. albicans and TDB. This result could argue that small 

molecule KU55933 has off-target effects that could impair the production of ROS. To 

address this, we generated an inducible ATM knockdown PLB cell line where we show 

respiratory burst against S. aureus was decreased compared to luciferase control, 

similar to what we show with the inhibitor in primary neutrophils. This raised the 

question of whether an acute inhibition or downregulation of ATM does not allow the 

cell to compensate with other pathways, while a stable knockdown might allow genetic 

compensation from the cell. This could be explained by the lethal phenotype shown in 

mice embryos where loss of ATM kinase activity through targeted deletion of the active 

site is not viable, while a full knockdown of ATM allows embryos to develop properly174. 
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This could show how having residual expression of ATM without kinase activity does 

not allow for a genetic compensation as seen in a full knockdown174. Moreover, it will 

be interesting to test the antimicrobial activity in neutrophils from atypical A-T patients, 

which have residual ATM activity compared to the classical A-T patients that in most 

cases do not express ATM. Even though atypical patients present symptoms at later 

age, the antimicrobial capacity of their immune cells has not been tested. Further 

experiments with our shRNA cell line would allow us to determine if residual 

expression of active ATM prevents the antimicrobial deficiency that we see in 

neutrophils treated with inhibitor or in our PLB knockout model. Similarly, a kinase 

dead ATM PLB cell line will allow to test the question whether the presence of the 

protein without kinase activity prevents compensation by other pathways, or potentially 

has a dominant negative effect.  

The functional perturbations we see in our ATM-/- dPLB could be explained by the 

decrease in LRRK2 and CLEC5A expression. The proteins encoded by these two 

genes have been implicated in various immune responses. Firstly, LRRK2 has been 

shown to be required to mount an immune response against Salmonella and 

Listeria175,176. siRNA knockdown of LRRK2 in mouse macrophages decreased their 

antimicrobial activity against Salmonella typhimurium 175. Similarly, an LRRK2 

knockout mouse model showed decreased antimicrobial activity against the pathogen 

Listeria monocytogenes, as shown by the higher CFU counts in the liver and faecal 

samples of infected mice compared to wildtype controls176. On the other hand, LRRK2 

knockout has been shown to be beneficial against Mycobacterium tuberculosis 

infection, as one study shows LRRK2 inhibits phagosome maturation and loss of it 

improves antimicrobial capacity, demonstrated by lower CFU counts in LRRK2 KO 

bone marrow-derived macrophages and human-induced pluripotent stem cell-derived 

macrophages challenged with M. tuberculosis177.  

Similarly, CLEC5A has been shown to be either protective against bacterial infections 

or detrimental in viral infections22–24. CLEC5A was shown to be involved in severe 

dengue disease by increasing the release of pro-inflammatory cytokines (e.g. TNF-α, 

IL-1β and IL-18) by monocytes and macrophages24,178. On the other hand, CLEC5A 

knockout in mice impaired their antimicrobial capacity against L. monocytogenes 

infection23. This study showed a decrease in killing ability from CLEC5A-/- mice 
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neutrophils, with no difference in phagocytosis against L. monocytogenes and S. 

aureus. However, they find a reduction in ROS production against L. monocytogenes 

and S. aureus but not to LPS23. This was similar to our results in ATM-/- dPLB and 

ATM inhibited primary neutrophils, where we found a defect in killing ability and no 

difference in phagocytosis; however, ROS production was only affected in the primary 

neutrophils treated with inhibitor but not in the ATM-/- dPLB. It is possible that the 

downregulation of LRRK2 and CLEC5A in ATM-/- dPLB is causing a decrease in killing 

ability. It will be necessary to repeat these findings in a second knockout clone to make 

sure it is not a clone effect and is truly due to loss of ATM phenotype. On the other 

hand, the result obtained with chemical inhibition of ATM argues the need for this 

kinase for downstream signalling after binding of the pathogen to CLEC5A receptor; 

further studies with a kinase-dead ATM PLB could be useful to address this question.  

Furthermore, ATM has been shown to be necessary for proper inflammasome activity 

shown previously by Erttmann and colleagues133. They found loss of ATM increases 

ROS which further inhibit inflammasome activity and reduce production of the pro-

inflammatory cytokine IL-1β. This will need to be further investigated in our ATM 

inhibited primary neutrophils and ATM-/- dPLB since we don’t see decrease ROS 

production against PMA, but we see differences in ROS production against S. aureus 

between our models that could be affecting inflammasome activity. 

In summary, our data suggests that ATM may be required for a proper antimicrobial 

activity against S. aureus. More work is needed to fully understand the role of ATM in 

the antimicrobial activity of neutrophils. 

6.4 Systemic immune defects in AT 

Previous studies have shown differences in immunoglobulin levels in A-T patients and 

defects in B and T-cell maturation could also be implied in the defect in antimicrobial 

capacity 97,101,106, It could be possible that low titre of antibodies affects opsonization 

ability in A-T patients. All the experiments in this project, were done by opsonising S. 

aureus and C. albicans with pooled serum from healthy donors; therefore, it will be 

interesting to know if the antimicrobial defect we see will replicate with nonopsonised 

pathogens. In addition, it will require further experiments to analyse antimicrobial 

ability in A-T neutrophils compared to healthy donors with opsonised and non-
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opsonised pathogens and see if we can recapitulate the antimicrobial defect we have 

shown in this study. Similarly, opsonisation of the pathogen with homologous serum 

from A-T patients will be interesting for comparing the effectiveness of opsonisation 

compared to healthy serum.  

In addition, we found CD11b; a receptor able to recognize opsonized pathogens31 was 

increased in our ATM-/- dPLB and A-T neutrophils. Since we had opsonised S. aureus 

and C. albicans with pooled serum from healthy donors, it could explain why we cannot 

see a significant difference in the respiratory burst of our dPLB and A-T primary 

neutrophils compared to ATM inhibited neutrophils. It will be worth trying to opsonise 

this pathogens with pooled serum from A-T patients and see if we see the same results 

we have shown or since A-T patients have immunoglobulins deficiencies101,106,139, this 

might affect the opsonisation process and we might have deficiencies in the respiratory 

burst from ATM-/- dPLB and A-T neutrophils.  

The role of ATM in regulating CLR expression must be validated with another knockout 

clone, but if it holds true after testing with other clones, non-opsonised pathogens 

might be interesting to test in both dPLB and A-T neutrophil ROS assays.  

It will be necessary to repeat some of these experiments with neutrophils from A-T 

patients as well as with a second ATM-/- clone of PLB to address any clone specific 

defect that could have happened in our first ATM-/- clone as well as to test ROS 

production when using A-T pooled serum to opsonise the pathogen and non-

opsonised pathogens.  

6.5 Nuclear compaction and gene expression is altered in ATM-/- PLB 

Nuclear compaction has been shown in PLB differentiation146,147 but is reduced 

compared to nuclear compaction seen in neutrophil differentiation44. The role of ATM 

in either proliferation or differentiation has been previously reviewed106,179. For 

instance, it has been shown ATM is required for B and T-cell differentiation180 and to 

promote stemness in HSCs106. In this study we showed ATM-/- dPLB have less 

compact nuclei compared to WT dPLB. Loss of LBR or over-expression of lamin A/C 

cause a hypo-lobulated nuclei in HL-60 cells and mice neutrophils52 but we could not 

find differences in nuclear lamina composition that would allow us to explain this 

nuclear compaction difference. It will also be worth analysing chromatin compaction 
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on our ATM-/- dPLB compared to WT using fluorescently tagged histone H2A with both 

green and red fluorescent proteins (GFP) and (RFP) using fluorescence-lifetime 

imaging microscopy (FLIM). It has been previously shown by Sherrard and colleagues 

122 that cells lacking ATM demonstrate an increase in nuclear compaction in NIH3T3 

cells, using this histone tagged system.  

Proper neutrophil responses are dependent on finely tuned gene expression. In this 

study, we show ATM-/- dPLB has a dysregulation in gene expression; while some 

genes show a significant increase, others show a significant decrease during 

differentiation. Moreover, ATM has been shown to be involved in epigenetic changes 

by modulating the activity of  different enzymes from the polycomb repressive complex 

1 and 2, specifically SUV39H1 and EZH2,123,181,182 and transcription factors179. Here 

we find expression of the C-type lectin receptors CLEC4E, CLEC5A, CLEC6A and 

CLEC7A was downregulated in ATM-/- dPLB compared to WT. ATM is known to 

modulate expression of various transcription factors168,179, so it could be possible loss 

of ATM affects the transcription factors involved in the expression of these different C-

type lectin receptors. For instance, it was previously shown that CLEC5A expression 

is regulated by the transcription factor PU.1183. Further experiments will allow to know 

the expression level of this transcription factor in our ATM-/- PLB model, as well as 

repeat the qPCR experiments in a second clone or with the shRNA PLB. Similarly, it 

will be necessary to analyse the expression of CLEC4E, CLEC5A, CLEC6A and 

CLEC7A in primary neutrophils from A-T patients compared to healthy controls and 

see if our findings hold true in the patients.  

In addition to gene expression differences, we saw changes in nuclear compaction by 

electron microscopy and a significant decrease by western blot of the facultative 

repressive chromatin mark H3K27me3156. This chromatin mark has been shown to be 

involved in the repression of transcription and higher chromatin compaction184,185. 

These changes in expression of the repressive chromatin mark and nuclear 

compaction could explain the difference we see in gene expression of PLB lacking 

ATM. Similarly, changes in cytokine transcription have been shown in primary 

neutrophils from A-T patients, where they show a higher de-novo transcription of the 

pro-inflammatory chemokines IL-8 and Mip1α in A-T primary neutrophils and 

neutrophils treated with an ATM inhibitor when challenged with LPS82. A role for ATM 
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in the levels of H3K27me3 has been previously reviewed in102, were they described 

an increase in the levels of H3K27me3 and shift in their location.  Similarly, a study 

made by Li and colleagues182 showed increased expression of H3K27me3 in the 

cerebellar cortex of A-T patients and ATM-/- mice182. Even though we see a decreased 

pattern in the expression of H3K27me3 in our ATM-/- PLB, it could be possible that the 

location of the repressive mark has shifted on the chromatin as mentioned earlier in102 

and this is causing the differences in gene expression we see in our model. 

Furthermore, it will be necessary to repeat these experiments with a second clone to 

rule out any clone specific phenotype. To better understand which genes are being 

affected and where the repressive chromatin mark is being localised, it will be 

necessary to perform chromatin immunoprecipitation sequencing (ChIP-seq), this will 

allow us to pinpoint promotors being affected by the loss of ATM and the changes in 

chromatin organisation. Another interesting approach to determine the level of 

chromatin compaction can be the use of assay for transposase-accessible chromatin 

sequencing (ATAC-seq), which will allow us to assess the genome chromatin 

accessibility and levels of different active and repressive histone marks.  

6.6 Future perspectives 

To further address these differences seen in the PLBs we are planning to carry out 

RNAseq in primary neutrophils from A-T patients, compared to age-match healthy 

donors; simple changes in RNA transcripts can answer the question of how 

transcriptionally active A-T neutrophils are compared to healthy donors. Moreover, we 

could focus on which transcripts are enriched and this will allow us to determine if A-

T neutrophils are more prone to transcribe pro-inflammatory genes or if there are 

deficiencies in the transcription of genes necessary for a proper immune response.  

In addition, we will carry out flow cytometry analysis to analyse the expression of the 

C-type lectin receptors in A-T neutrophils. If the decrease expression phenotype holds 

true, we will be able to confirm a role of ATM in the expression of this receptors and 

draw a mechanism for the antimicrobial deficiency seen in our model of chemical 

inhibition and genetic knockout of ATM in neutrophil and neutrophil-like cells. 

The data we obtained from our inhibitor experiments also opens the question for a role 

in ATM in transducing downstream signalling after pathogen recognition for a proper 
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respiratory burst. Future studies could answer the question if ATM directly or indirectly 

regulates the activity of the NADPH complex.  Immunoprecipitation assays could help 

identify the proteins interacting with ATM after recognition of ligands by membrane 

receptors. Similarly, phospho-proteomics of neutrophils treated with ATM inhibitor or 

A-T patients stimulated with S. aureus could show signalling pathways affected by 

deficiency of ATM.  

A previous study by Evrard and colleagues38 showed it is possible to isolate different 

stages of neutrophil differentiation from mice bone marrow and analyse their 

phenotypic signatures, it will be interesting to see if the changes in gene expression 

we showed will be better explain using this approach with ATM-/- mice compared to 

WT.  

6.7 Limitations of the study 

PLB cell line is a good model to study the role of ATM in the development of 

neutrophils. However, there are some limitations while using this model; it has been 

reported that dPLB does not achieve a state of complete neutrophil maturation75,146, 

they do not express specific granules and lack or have a lower amount of some 

membrane receptors found in primary neutrophils75,147,164,169. These differences made 

comparisons to primary neutrophils more complicated since we could not run a more 

complex flow cytometry panel as the one, we managed to do on A-T neutrophils.  

Due to COVID restrictions, we were not able to get access to A-T samples as easy as 

we would have wanted to, since our collaboration was with Charité University Hospital, 

Berlin, Germany. Similarly, we could not get more samples from ATM-/- mice, since we 

got these from our collaboration with Prof. Miguel Soares, Instituto Gulbenkian de 

Ciência.  

Finally, a single CRISPR clone may introduce artefacts and therefore the need of a 

second clone will allow to confirm the results we have shown to be related to the loss 

of ATM and not to a clone specific defect. Also, off target effects caused by the inhibitor 

blocking other kinases involved in DDR might prevent cells for any compensation and 

a more dramatic effect on neutrophil antimicrobial activity. Therefore, using a mice 

model would be a possibility to overcome these limitations, since their neutrophils have 

a better resemblance to a mature human neutrophil, and it avoids the off-target effects 
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of inhibitors, allowing for both neutrophil development and antimicrobial activity 

analysis. However, it will be worth knowing the mice ATM mutation, since some ATM-

/- mice models do not resemble the A-T phenotype as it has been previously shown186. 
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CHAPTER 7: Conclusion 

In this thesis, we demonstrated that knockout of ATM in the myeloid cell line PLB-985 

causes a dysregulation in gene expression throughout their differentiation into 

neutrophil-like cells.  We showed increased expression of genes related to granular 

proteins (MPO, ARG1, CSTG) as well as decrease expression of genes involved in 

the maturation of neutrophils (AQP9, PAD4, LRRK2) in our ATM-/- cells. We 

demonstrated an increase in CD11b expression on the surface of A-T neutrophils, 

which confirmed the increased expression of the same receptor on the surface of our 

ATM-/- dPLB. 

We hypothesise ATM is involved in the arrangement of chromatin marks and therefore 

affecting gene expression. Obtaining new samples of A-T neutrophils will allow to 

further investigate changes in transcription between A-T patients and healthy donors 

through RNAseq or CHIP-seq.  

We also demonstrated a deficiency in antimicrobial capacity that was accompanied by 

decreased ROS production but not mediated by altered phagocytic activity. The 

reduced oxidative burst against the lectin ConA with the ATM inhibitor and ATM-/- dPLB 

emphasizes the importance of investigating a role for ATM in the transduction of 

downstream signalling of C-type lectin receptors. We could not confirm this phenotype 

in A-T neutrophils, which had ROS production similar to healthy controls. Further 

experiments will help elucidate these differences.  

In conclusion, we described a novel role for ATM in the development and antimicrobial 

activity of neutrophils. This could lead to a potential therapeutic target in 

immunodeficiency or inflammatory disease. 
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Appendix 

Table A1 Kits for blood processing, RNA and plasmid purification, and ELISA  

Kits Supplier Catalogue number 

EasySep™ Direct Human Neutrophil 
Isolation Kit 

STEMCELL Technologies 19666 

EasyEights™ EasySep™ Magnet  STEMCELL Technologies 18103 

Human IL-8/CXCL8 DuoSet ELISA R&D Systems DY208 

PureLink™ RNA Mini Kit  Thermo Fisher Scientific 
(Invitrogen) 

12183020A 

GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific K0502 

PureLink™ HiPure Plasmid Maxiprep Kit Thermo Fisher Scientific 
(Invitrogen) 

K210007 

Pierce™ BCA Protein Assay Kit - 
Reducing Agent Compatible 

Thermo Fisher Scientific 23250 

ELISA, enzyme-linked immunosorbent assay. 

Table A2 Cloning and qPCR enzymes 

Reagent Supplier Catalogue number 

Phusion® High-Fidelity DNA Polymerase New England Biolabs M0530S 

NheI-HF® New England Biolabs R3131S 

EcoRI-HF® New England Biolabs R0101S 

SpeI-HF® New England Biolabs R3133S 

Antarctic Phosphatase  New England Biolabs M0289S 

T4 Polynucleotide Kinase New England Biolabs M0201S 

Rapid DNA Ligation Kit (T4 DNA 
ligase/5x Rapid Ligation Buffer) 

Thermo Fisher Scientific K1422 

NEB® Stable Competent E. coli (High 
Efficiency) 

New England Biolabs C3040I 

5 PRIME Hot Master Mix Quantabio 2200400 

CellTrace™ Violet Cell Proliferation Kit, 
for flow Cytometry 

Thermo Fisher Scientific (Life 
Technologies) 

C34571 

pHrodo™ Red Phagocytosis Particle 
Labeling Kit for Flow Cytometry 

Thermo Fisher Scientific 
(Invitrogen) 

A10026 

High-Capacity cDNA Reverse 
Transcription Kit 

Thermo Fisher Scientific (Applied 
Biosystems) 

4368814 

Fast SYBR™ Green Master Mix Thermo Fisher Scientific (Applied 
Biosystems) 

4385610 

qPCR, quantitative polymerase chain reaction. 

 

 

 



 

 117 

Table A3 Media and reagents 

Reagent Supplier Catalogue number 

Phosphate Buffered Saline (PBS) Thermo Fisher Scientific (Gibco) 10010-023 

RPMI 1640 with Phenol red  Thermo Fisher Scientific (Gibco) 21875-034 

RPMI 1640 w/o Phenol red  Thermo Fisher Scientific (Gibco) 11835-063 

DMEM GlutaMAX™ with Phenol red Thermo Fisher Scientific (Gibco) 10566-016 

Seahorse XF RPMI Medium pH 7.4 Agilent Technologies 103576-100 

HBSS with Calcium and Magnessium Lonza 10-527F 

HBSS w/o Calcium Magnessium or 
Phenol Red 

Lonza 10-547F 

L-Glutamine 200mM Thermo Fisher Scientific (Gibco) 25030-081 

Penicillin-Streptomycin (10,000U/ml) Thermo Fisher Scientific (Gibco) 15140-122 

Penicillin-Streptomycin-Glutamine (100x) Thermo Fisher Scientific (Gibco) 10378-016 

Fetal Bovine Serum (FBS) Thermo Fisher Scientific (Gibco) 26140-079 

Donkey Serum Merck (Sigma-Aldrich) D9663-10ML 

Gelatin from cold water fish skin Merck (Sigma-Aldrich) G7041-100G 

Histopaque-1119 Merck (Sigma-Aldrich) 11191-100ML 

Percoll® VWR (G&E Helathcare) 17-0891-01  

HSA-20% solution VWR (SEQENS) 31020 

Histopaque-1077 Merck (Sigma-Aldrich) 10771-100ML 

Tris Buffered Saline Biomedical Sciences media 
kitchen 

 

0.5M EDTA Biomedical Sciences media 
kitchen 

 

Tryptic Soy Broth Biomedical Sciences media 
kitchen 

 

Triptic Soy Agar  Biomedical Sciences media 
kitchen 

 

LB-Agar plates with Ampicillin Biomedical Sciences media 
kitchen 

 

HEPES buffer solution Thermo Fisher Scientific (Gibco) 15630-056 

Human pooled serum VWR (SEQENS) 21000P-100ML 

Bovine Serum Albumin (BSA) Fischer Scientific BP9700-100 

Dimethyl sulfoxide (DMSO) Merck (Sigma-Aldrich) D2650-100ML 

N,N-dimethylformamide (DMF) Merck (Sigma-Aldrich) D4551-250ML 

Nutridoma-CS Merck (Roche) 11363743001 

Puromycin 
  

Doxycycline  Merck (Sigma-Aldrich) 
 

SYTOX Green Thermo Fisher Scientific 
(Invitrogen) 

S7020 

SYTOX Orange Thermo Fisher Scientific 
(Invitrogen) 

S11368 

SYTO Green Thermo Fisher Scientific 
(Invitrogen) 

S7575 

ATM inhibitor (KU55933) Merck (Sigma-Aldrich) SML1109-5MG 

ATM inhibitor (KU60019) Merck (Sigma-Aldrich) 5319780001 

Horseradish Peroxidase (HRP) Merck (Sigma-Aldrich) 77332-100MG 

Luminol Merck (Sigma-Aldrich) 123072 

Phorbol 12-myristate 13-acetate (PMA) Merck (Sigma-Aldrich) P8139-1MG 
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Table A3 Media and reagents (cont.) 

Reagent Supplier Catalogue number 

Concanavalin A (ConA) Merck (Sigma-Aldrich) C5275-5MG 

Trehalose-6,6-dibehenate (TDB) Invivogen tlrl-tdb 

Zymosan A from Saccharomyces 
cerevisae 

Merck (Sigma-Aldrich) Z4250 

Lipopolysaccharides (LPS) Merck (Sigma-Aldrich) L5668 

N-Formyl-Met-Leu-Phe Merck (Sigma-Aldrich) F3506-5MG 

Recombinant Human TNF Peprotech 300-01A 

S. aureus (JE2) Massey Lab N/A 

S. Aureus (SH1000) Massey Lab N/A 

S. aureus (Newman) Massey Lab N/A 

C. albicans  Diezmann Lab N/A 

96wp white Appleton woods (Sterilin) SS246 

Glucose Merck (Sigma-Aldrich) G8270-1KG 

Carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone (FCCP) 

Merck (Sigma-Aldrich) C2920-10MG 

Oligomycin Alfa Aesar J61898.MA 

Rotenone Merck (Sigma-Aldrich) R8875-5G 

Antimycin A Alfa Aesar J63522.MA 

Deoxy-D-glucose (2-DG) Merck (Sigma-Aldrich) D8375-5G 

Lipofectamine 2000 Thermo Fisher Scientific 
(Invitrogen) 

11668019 

Polyethylene glycol (PEG) Merck (Sigma-Aldrich) 89510-250G-F 

Magnessium Chloride Merck (Sigma-Aldrich) M8266-100G 

Ethyl alcohol Pure Merck (Sigma-Aldrich) 459836-2L 

Methanol Merck (Sigma-Aldrich) 322415-100ML 

Potassium Acetate Merck (Sigma-Aldrich) P1190-100G 

β-mercaptoethanol Merck (Sigma-Aldrich) M6250-100ML 

Sodium Acetate Merck (Sigma-Aldrich) S2889-250G 

Trisodium citrate dihydrated Merck (Sigma-Aldrich) S1804-500G 

Pierce Protease and Phosphatase 
Inhibitor Mini Tablets, EDTA-free 

Thermo Fisher Scientific A32961 

Bay-678 (human neutrophil elastase 
inhibitor) 

Merck (Sigma-Aldrich) SML1563-5MG 

Cathepsin G Inhibitor  Alfa Aesar J65957 

NuPAGE™ LDS Sample Buffer (4x) Thermo Fisher Scientific 
(Invitrogen) 

NP0007 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, 
Mini Protein Gels  

Thermo Fisher Scientific 
(Invitrogen) 

NP0321BOX 

NuPAGE™ 3 to 8%, Tris-Acetate, 1.0 
mm, Mini Protein Gels  

Thermo Fisher Scientific 
(Invitrogen) 

EA0375BOX 

NuPAGE™ MES SDS Running Buffer 
(20x) 

Thermo Fisher Scientific 
(Invitrogen) 

NP0002 

NuPAGE™ MOPS SDS Running Buffer 
(20x) 

Thermo Fisher Scientific 
(Invitrogen) 

NP0001 

NuPAGE™ Tris-Acetate SDS Running 
Buffer (20x) 

Thermo Fisher Scientific 
(Invitrogen) 

LA0041 

RIPA Buffer Merck (Sigma-Aldrich) R0278-50ML 
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Table A3 Media and reagents (cont.) 

Reagent Supplier Catalogue number 

Phenylmethanesulfonyl fluoride (PMSF) Merck (Sigma-Aldrich) P7626-250MG 

Tris(2-carbocyethyl)phosphine 
hydrochloride (TCEP) 

Merck (Sigma-Aldrich) C4706-2G 

Halt™ Phosphatase Inhibitor Cocktail Thermo Fisher Scientific 78420 

DAPI Merck (Sigma-Aldrich) D9542-1MG 

Mowiol® 4-88 Merck (Sigma-Aldrich) 81381-50G 

16% Paraformaldehyde Aqueous 
Solution, EM Grade 

Electron Microscopy Sciences 50-980-487 

 

Table A4 Antibodies  

Antibodies Supplier Catalogue 
number 

Concentration 

PE anti-human CD10 Antibody clone 
HI10a 

Biolegend 312204 1 in 50 

PE/Cyanine7 anti-mouse/human CD11b 
Antibody Clone M1/70 

Biolegend 101216 1 in 50 

Brilliant Violet 785™ anti-human CD14 
Antibody Clone M5E2 

Biolegend 301840 1 in 50 

Alexa Fluor® 700 anti-human CD15 
(SSEA-1) Antibody Clone HI98 

Biolegend 301920 1 in 50 

FITC anti-human CD16 Antibody Clone 
3G8 

Biolegend 302006 1 in 50 

PE/Cyanine7 anti-human CD62L 
Antibody Clone DREG-56 

Biolegend 304822 1 in 50 

Brilliant Violet 421™ anti-human CD63 
Antibody H5C6 

Biolegend 353030 1 in 50 

APC anti-human CD66b Antibody Clone 
G10F5 

Biolegend 305118 1 in 50 

CD125 (IL-5R) Antibody, anti-human, 
REAfinity™ Clone REA705 

Miltenyi Biotec 130-110-543 1 in 25 

Brilliant Violet 605™ anti-human CD184 
(CXCR4) Antibody Clone 12G5 

Biolegend 306522 1 in 50 

PE/Dazzle™ 594 anti-human 
CD182(CXCR2) Antibody Clone 
5E8/CXCR2 

Biolegend 320722 1 in 50 

PerCP/Cyanine5.5 Streptavidin Biolegend 405214 1 in 200 

Human TruStain FcX™ (Fc Receptor 
Blocking Solution) 

Biolegend 422302 1 in 200 

Rat anti-Calgranulin A (S100A8) Clone 
8H6  

in-house made (Max 
Planck Institute for 
Infection Biology, 
Berlin) 

N/A 1 in 100 

Anti-Lamin A+ Lamin C antibody [JOL2] Abcam ab40567 1 in 500 

Histon H3 (D1H2) XP® Rabbit mAb Cell Signaling 4499 1 in 1000 
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Table A4 Antibodies (cont.) 

Antibodies Supplier Catalogue 
number 

Concentration 

H3K9me3 Polyclonal Antibody Thermo Fisher 
Scientific (Invitrogen) 

720093 1 in 1000 

Tri-Methyl-Histon H3 (Lys27)(C36B11) 
Rabbit mAb 

Cell Signaling 9733 1 in 1000 

Recombinant Anti-Lamin B1 antibody 
[EPR8985(B)] 

Abcam ab133741 1 in 1000 

GAPDH (D16H11) XP® Rabbit mAb Cell Signaling 5174 1 in 1000 

alpha Tubulin monoclonal antibody 
(DM1A) 

Thermo Fisher 
Scientific (Invitrogen) 

62204 1 in 1000 

Donkey anti-Rat IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor™ 488 

Thermo Fisher 
Scientific (Invitrogen) 

A-21208 1 in 200 

Anti-rabbit IgG  HRP-linked Ab Cell Signaling 7074P2 1 in 2000 

Anti-mouse IgG  HRP-linked Ab Cell Signaling 7076P2 1 in 2000 

 

Table A5 Primers used 

Primers Supplier Target 

ACACTCTTTCCCTACACGACGctcttccgatctCA
GGCTCTATCTGAAACCTTCAC  

Eurofins FWD-ATMcr1 

TGACTGGAGTTCAGACGTGTGctcttccgatctA
CTGAGTCTAAAACATGGTCTTG  

Eurofins REV-ATMcr1 

ACACTCTTTCCCTACACGACGctcttccgatctTA
CAGACAGTGATGTGTGTTCTG 

Eurofins FWD-ATMcr2 

TGACTGGAGTTCAGACGTGTGctcttccgatctT
TCAGGATCTCGAATCAGGCGCT 

Eurofins REV-ATMcr2 

AATGATACGGCGACCACCGAGATCTACACT
ATAGCCTACACTCTTTCCCTACACGACGCT 

Eurofins Illumina FWD 1 

AATGATACGGCGACCACCGAGATCTACAC
ATAGAGGCACACTCTTTCCCTACACGACGC
T 

Eurofins Illumina FWD 2 

AATGATACGGCGACCACCGAGATCTACAC
CCTATCCTACACTCTTTCCCTACACGACGC
T 

Eurofins Illumina FWD 3 

AATGATACGGCGACCACCGAGATCTACAC
GGCTCTGAACACTCTTTCCCTACACGACGC
T 

Eurofins Illumina FWD 4 

AATGATACGGCGACCACCGAGATCTACAC
AGGCGAAGACACTCTTTCCCTACACGACG
CT 

Eurofins Illumina FWD 5 

AATGATACGGCGACCACCGAGATCTACACT
AATCTTAACACTCTTTCCCTACACGACGCT 

Eurofins Illumina FWD 6 

 



 

 121 

Table A5 Primers used (cont.) 

Primers Supplier Target 

AATGATACGGCGACCACCGAGATCTACAC
CAGGACGTACACTCTTTCCCTACACGACGC
T 

Eurofins Illumina FWD 7 

AATGATACGGCGACCACCGAGATCTACAC
GTACTGACACACTCTTTCCCTACACGACGC
T 

Eurofins Illumina FWD 8 

CAAGCAGAAGACGGCATACGAGATCGAGT
AATGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 1 

CAAGCAGAAGACGGCATACGAGATTCTCC
GGAGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 2 

CAAGCAGAAGACGGCATACGAGATAATGA
GCGGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 3 

CAAGCAGAAGACGGCATACGAGATGGAAT
CTCGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 4 

CAAGCAGAAGACGGCATACGAGATTTCTG
AATGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 5 

CAAGCAGAAGACGGCATACGAGATACGAA
TTCGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 6 

CAAGCAGAAGACGGCATACGAGATAGCTT
CAGGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 7 

CAAGCAGAAGACGGCATACGAGATGCGCA
TTAGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 8 

CAAGCAGAAGACGGCATACGAGATCATAG
CCGGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 9 

CAAGCAGAAGACGGCATACGAGATTTCGC
GGAGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 10 

CAAGCAGAAGACGGCATACGAGATGCGCG
AGAGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 11 

CAAGCAGAAGACGGCATACGAGATCTATC
GCTGTGACTGGAGTTCAGACGTGTGCT 

Eurofins Illumina REV 12 

TCTTATGGACTGTTGCTGGGA Eurofins FWD-CLEC4E 

TCCATAATTGTAGCAGGAGAGC Eurofins REV-CLEC4E 

TCTTGGAATGAAAGCAGGGAC Eurofins FWD-CLEC5A 

CCACCTTTTCTCTTCACGATGG Eurofins REV-CLEC5A 

AAAAGAGGCTGGTTGTCCCT Eurofins FWD-CLEC6A 

GCACCTTTGTCCCTTCACTG Eurofins REV-CLEC6A 
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Table A5 Primers used (cont.) 

Primers Supplier Target 

ACTGAGGTACCATGGCTCTG Eurofins FWD-CLEC7A 

CTTCTCCACCCTTCCTCTTACA Eurofins REV-CLEC7A 

CTCTCCACCACACTGCAAAC Eurofins FWD-CLEC12A 

GGCCATTTTACTCTCCTGCC Eurofins REV-CLEC12A 

GGCCACCAACAGTACAGTCC Eurofins FWD-CSF3R 

GTTCCACAGAGGCAGGTGAG Eurofins REV-CSF3R 

TCCTGGTGCGAGAAGACTTT Eurofins FWD-CTSG 

GTGATGTGTTGCTGGGTGTT Eurofins REV-CTSG 

CAACTTCGTCATGTCGGCC Eurofins FWD-ELANE 

CGAGAGGTTATGGGCTCCC Eurofins REV-ELANE 

CTGACGATGAAAGTGGCCAG Eurofins FWD-PADI4 

GATGTCTGCGCACAAGGAG Eurofins REV-PADI4 

CTAGCCAAACGAAATCTCAGTGATATTACT
AGTATATCACTGAGATTTCGTTTGTTTTTG 

Eurofins FWD-ATMshRNA1 

AATTCAAAAACAAACGAAATCTCAGTGATAT
ACTAGTAATATCACTGAGATTTCGTTTGG 

Eurofins REV-ATMshRNA1 

CTAGCGCCTCCAATTCTTCACAGTAATACT
AGTTTACTGTGAAGAATTGGAGGCTTTTTG 

Eurofins FWD-ATMshRNA2 

AATTCAAAAAGCCTCCAATTCTTCACAGTAA
ACTAGTATTACTGTGAAGAATTGGAGGCG 

Eurofins REV-ATMshRNA2 

CTAGCCCAAGGTCTATGATATGCTTATACT
AGTTAAGCATATCATAGACCTTGGTTTTTG 

Eurofins FWD-ATMshRNA3 

AATTCAAAAACCAAGGTCTATGATATGCTTA
ACTAGTATAAGCATATCATAGACCTTGGG 

Eurofins REV-ATMshRNA3 

QuantiTect® Primer Assay (Hs_MPO_1_SG) Qiagen MPO 

QuantiTect® Primer Assay 
(Hs_LRRK2_1_SG) 

Qiagen LRRK2 

QuantiTect® Primer Assay 
(Hs_GAPDH_1_SG) 

Qiagen GAPDH 
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Table A6 Equipment used 

Equipment Supplier Catalogue number 

FLUOstar plate reader BMG Labtech N/A 

IncuCyte ZOOM Essen Bioscences N/A 

EVOS confocal microscope Invitrogen N/A 

Seahorse XFe96 Analyzer Agilent Technologies N/A 

SimpliAmp™ Thermal Cycler Thermo Fisher Scientific 
(Applied Biosystems) 

N/A 

QuantStudio™ 3 Real-Time PCR System Thermo Fisher Scientific 
(Applied Biosystems) 

N/A 

NanoDrop™ Lite Spectrophotometer Thermo Fisher Scientific  N/A 

BD LSRFortessa™ Cell Analyzer BD Biosciences N/A 

Q125 Sonicator QSONICA N/A 

iBlot 2 Dry Blotting System Thermo Fisher Scientific 
(Invitrogen) 

N/A 

Power Blotter-Semi-dry Transfer System Thermo Fisher Scientific 
(Invitrogen) 

N/A 

Leica DMI6000 Leica Microsystems N/A 

LI-COR Odyssey® XF LI-COR, Inc N/A 

Tecnai 12-FEI 120kV BioTwin Spirit  
  

N/A, non-applicable. 

Table A7 Software used 

Software Supplier Catalogue number 

FIJI image analysis imagej.net N/A 

FlowJo BD (FlowJO, LLC) N/A 

Wave Controller Agilent Technologies N/A 

OutKnocker 2.0 Outknocker.org N/A 

Graphpad Prism GraphPad by Dotmatics N/A 

BioRender BioRender N/A 

Leica LASX Leica Microsystems N/A 

N/A, non-applicable. 

 




