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Abstract 

Angiotensin converting enzyme (ACE) plays an important role in blood pressure regulation 

and is a key component of the renin-angiotensin aldosterone system (RAAS). A dipeptidyl 

carboxypeptidase, ACE also hydrolyses many different substrates across its N- and C-

domain. This substrate variability has uncovered novel ACE function in other biological 

systems and disease. In the immune system, ACE and angiotensin II influence inflammation 

and wound repair. Independently of angiotensin II, ACE overexpression in murine 

macrophages (ACE 10/10) and neutrophils (NeuACE) has shown remarkable enhanced 

immune phenotypes with the ability to improve murine survival against B16 melanoma, 

methicillin-resistant Staphylococcus aureus (MRSA) and Listeria monocytogenes. Current 

literature points to the C-domain as the main proponent. The myeloid cells have enhanced 

reactive oxygen species (ROS) generation, pro-inflammatory cytokine production and 

phagocytosis with increased ATP and TCA cycle intermediate production. ACE 

overexpressing macrophages also improve cognitive ability in murine Alzheimer’s models by 

amyloid-β (1-42) protein cleavage and degradation. Despite lengthy characterization of ACE 

overexpression and the enhanced immune phenotype of ACE 10/10 macrophages and 

NeuACE neutrophils, the mechanism, and substrate(s) by which it occurs is unknown. 

Understanding the biological processes influenced by ACE overexpression may provide 

alternative therapies where standard medicine is no longer effective including resistant 

bacterial infections and tumours. Importantly, ACE inhibition in human and murine 

neutrophils, and ACE 10/10 macrophages has shown reduced extracellular and intracellular 

microbicidal function. This and the immune benefit associated with ACE overexpression has 

prompted interest in the mechanism responsible. This project aimed to identify 

differentially expressed and significantly dysregulated biological pathways and proteins in 

ACE overexpressing murine (ACE 10/10 PTM) and human macrophages (ACE +/+ THP-1) 

whilst also analysing global proteomic changes with respects to ACE inhibition using 

discovery mass spectrometry (MS). 

ACE overexpressing murine and human macrophage whole cell protein lysates underwent 

label-free discovery MS to identify proteomic shifts in comparison to control macrophages. 

Using data-independent methodology, 270 and 442 differentially expressed proteins were 

identified in murine and human ACE overexpressing macrophages, respectively. Functional 
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enrichment for several immune processes including phagocytosis, ROS generation, and 

antigen processing and presentation were identified whilst metabolic enrichment for TCA, 

fatty acid oxidation, electron transport chain (ETC) and glucose was present in murine ACE 

10/10 macrophages. Human ACE +/+ THP-1 macrophages saw similar ETC, ATP synthase and 

glucose protein up-regulation and cytokine signalling, antigen processing and presentation 

functional enrichment. Unique to ACE +/+ human macrophages was neutrophil 

degranulation whereupon ACE C-domain inhibition by Lis-Trp dysregulated these proteins. 

Both murine and human ACE overexpression identified KEGG peroxisome proliferator-

activated receptor (PPAR) signalling as significantly enriched, providing a possible target 

pathway for future mechanistic validation studies. ACE C-domain inhibition following Lis-Trp 

treatment led to a general down-regulation of the functionally enriched ETC, TCA and ATP 

synthase components identified as up-regulated in the literature and our own murine MS 

results. Murine phosphoproteomic analysis identified ERK2/MAPK1 and PKA kinase-

substrate enrichment with ACE overexpression. 

Using the human cell line, THP-1, Lis-Trp uptake was quantified through MS and ACE 

enzymatic activity assays over two hours. Minimal internalization took place for both 10 µM 

and 100 µM with < 1% intracellular Lis-Trp detected. However, partial ACE inhibition was 

achieved for both treatments despite low intracellular concentrations. To study the impact 

of this partial inhibition, the role of ACE in phagocytosis was explored. Using elastomeric 

micropattern contraction as a proxy for phagocytic uptake, ACE C- and N-domain inhibition 

both led to significant reduction in micropattern contraction in comparison to uninhibited 

control THP-1 macrophages. ACE +/+ THP-1 macrophages showed enhanced phagocytosis as 

observed in murine ACE 10/10 macrophage literature by means of increased micropattern 

contraction. Following ACE domain inhibition by 10 µM Lis-Trp (C-domain) and 10 µM 

RXP407 (N-domain) a statistically significant decrease in contraction measurements was 

observed, implying that both the N- and C-domain of ACE play a role in phagocytosis. Partial 

ACE inhibition may therefore be sufficient in reducing macrophage microbicidal function as 

observed in NeuACE and human neutrophils, increasing the potential risk of dangerous 

infection in immunocompromised patients. 

This work demonstrated an altered proteomic profile in ACE overexpressing murine and 

human macrophages, and confirmed findings on ACE 10/10 murine macrophages, whilst 



 

iii 
 

providing a novel and deeper understanding of ACE +/+ human macrophages. Furthermore, 

ACE C-domain inhibition likely negatively impacts macrophage function including 

phagocytosis whilst increasing neutrophil degranulation, but further biochemical 

characterization is required. Importantly, novel lipid metabolism and PPAR signalling were 

functionally enriched in both species, providing an exciting path for future studies in ACE 

overexpression and enhanced immunity.  
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1. Literature Review 

1.1. Introduction 

The pressing need for the development of effective treatments against antibiotic resistant 

infections, aggressive cancers and increasing cases of neurodegenerative diseases including 

Alzheimer’s has led to the re-investigation of physiological systems. Most human biological 

systems have been described in depth, however new research avenues, including those 

concerning promiscuous enzymes, are constantly discovered in these systems. It is these 

creative directions that may lead medical science to new solutions to modern medical 

problems. 

Since its discovery in 1954 by Skeggs et al., diverse biological roles of angiotensin converting 

enzyme (ACE) have continued to emerge [1]. Interestingly, ACE was discovered a second 

time in 1966 with bradykinin-degrading enzymatic activity, leading to further understanding 

of its function, discussed in Sections 1.1.1 and 1.2. 

Originally, ACE was seen as an important component of the renin-angiotensin-aldosterone 

system (RAAS) [2]. However, it also plays an important role in several different physiological 

systems [3–6]. Of growing interest is the use of ACE manipulation and its overexpression in 

enhancing the immune response against common diseases such as cancer, resistant 

bacterial infections, and Alzheimer’s disease (AD) [5]. 

1.1.1. An Overview of the Renin-Angiotensin-Aldosterone System (RAAS) 

To begin with, the RAAS is an important regulator of blood pressure and fluid electrolyte 

homeostasis [7]. Activation of the RAAS potentially results in hypertension, renal and heart 

failure. The classical circulating system has endocrine function in addition to the local RAAS 

which has autocrine (cellular) and paracrine (tissue) functions depending on the 

physiological role in action [7,8]. This cardiac regulatory system exists in several tissues, with 

key effector molecules and components produced in the kidneys and liver. An important 

local tissue system is the intrarenal RAAS which functions independently of the systemic 

RAAS [7].  
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Classically, the RAAS pathway begins with the enzymatic activity of renin cleaving its 

substrate angiotensinogen (AGT), produced in the liver, into angiotensin I (Ang I) (Figure 

1.1). Renin is released from the renal juxtaglomerular cells as stimulated via hypotension 

and diminished sodium delivery [2,9]. Following this rate-limiting step, ACE removes the 

carboxy-terminal dipeptide from Ang I, generating angiotensin II (Ang II) [2,10]. Up-

regulated Ang II binding through the AT1 receptor (AT1R) sees increased collecting duct 

renin expression, secretion, and formation into the distal nephron [7]. Ang II acts as a strong 

effector molecule in the local RAAS, altering the action of circulating RAAS molecules, 

including inhibition of renin secretion to limit system activity or long-term activation by 

upregulating renin, prorenin, AGT and ACE [7]. Regarding the cardiovascular system, Ang II 

stimulates aldosterone production, favouring vasoconstriction.  

Additionally, Ang II functions independently by stimulating vasoconstriction of blood vessels 

and salt retention in the kidneys. However, Ang II can also stimulate vasodilation through 

binding the AT2 receptor (AT2R) over AT1R [2,11–13]. Aside from its main purpose in the 

cardiovascular system, Ang II has several effects on other physiological processes through 

binding the AT1 receptor [5,14,15]. Other products of ACE cleavage in the RAAS include 

Ang (1-7) and Ang (1-5) (Figure 1.1) [10,16]. 
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Figure 1.1: An overview of the RAAS pathway showing the classical products and newly identified secondary 

products from ACE2 cleavage along with their known receptors. Sequences for Ang I and Ang II are included 

as the best described substrate-product pair of ACE cleavage. Coloured ovals represent enzymes: renin (cyan), 

ACE (orange), ACE2 (pink) or NEP (green). Grey rectangles represent receptors. Abbreviations: ACE – 

angiotensin converting enzyme, ACE2 – angiotensin converting enzyme 2, MR- mineralocorticoid receptor, 

Mas- Mas receptor and NEP- neprilysin (Adapted from: Bader et al., Fournier et al. [2,10]). 

In addition to the tissue RAAS, a subcellular RAAS within the mitochondria and nucleus of 

many different cells exists. Within the nuclear compartment, three receptors may bind Ang 

II: AT1, AT2 and Mas receptors [7]. Ang II-bound AT1 is coupled to the production of reactive 

oxygen species (ROS) through protein kinase C and phosphoinositol-3 kinase whilst AT2 and 

Mas are involved in nitric oxide (NO) production. The mitochondrial Ang II system is coupled 

to AT2-induced activation of NO production and regulating mitochondrial respiration 

[7,17,18].  

1.1.1.1. Additional RAAS Pathways 

Historically renin was responsible for catalysing the conversion of AGT into Ang I through a 

rate-limiting step and prorenin was considered an inactive precursor molecule [7,8]. Active 

renin is produced through Cathepsin B cleavage of prorenin. However, prorenin and active 

renin directly bind the (pro)renin receptor (PRR) to increase catalytic conversion of AGT into 

Ang I [2]. PRR is expressed in the apical membrane of intercalated cells within kidney 
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collecting ducts, glomerular mesangial cells, and the sub-endothelium of renal arteries. Its 

expression and activation induce the ERK1/2 pathways to acidify intracellular compartments 

such as lysosomes through increased V-ATPase activity [7]. PRR potentially favours tissue 

fibrosis via production of transforming growth factor (TGF)-β. 

The ACE2/Ang (1-7)/ Mas receptor pathway is a regulatory counter-arm of the RAAS by 

opposing Ang II/AT1 actions. Ang (1-7) is formed through removal of phenylalanine from 

Ang II by the ACE homolog, ACE2 (Figure 1.1). It then binds the Mas receptor [2,12] inducing 

the phosphatidylinositol 3-kinase/Akt (PI3K) pathway and endothelial NO synthase. These 

downstream pathways result in vasodilation and a decrease in blood pressure. Ang (1-7) is 

generated in the kidney proximal tubules but can be rapidly degraded by ACE and neprilysin 

without inhibition of the classical RAAS pathway. The true biological role of the ACE2/ Ang 

(1-7)/ Mas pathway is expanding, with substantial evidence of its intrarenal effects showing 

involvement in cancer and heart failure amongst others [7,12,19]. Also under investigation 

are the alamandine/ Mas and the Ang I/ Ang (1-9) pathways. Decarboxylation of Ang (1-7) 

produces the heptapeptide alamandine with a C-terminal alanine. Converted via an 

unknown enzyme, the function of the pathway is to induce antifibrotic activity along with 

NO-dependent vasorelaxation via the MrgD receptor. Lastly, Ang (1-9) is also an angiotensin 

peptide generated via ACE2 activity and potentially counter-regulates the classic RAAS 

activity as noted for Ang (1-7) and Ang II/ AT2 receptor interactions [7,12]. 

Additional products absent from Figure 1.1 include Ang (2-7), Ang (3-7) and Ang (2-10) 

which have no known receptors [8,10,20]. Angiotensin III (2-8) (Ang III, sequence: RVYIHPF) 

and angiotensin IV (3-8) (Ang IV, sequence: DRVYIHP) also accompany the RAAS. For Ang III 

to induce a natriuretic response, Ang II must be transformed by aminopeptidase A in the 

kidney and bind AT2 expressed in the renal proximal tubule, glomeruli, or intrarenal 

vasculature [7,21]. Once activated, AT2 induces renal production of bradykinin, cyclic GMP 

(cGMP) and NO, and the translocation of receptors to the plasma membrane. 

Separate to peripheral RAAS functions, Ang IV forms part of the brain RAAS. 

Aminopeptidase N cleaves Ang III into Ang IV. The mechanism of angiotensin receptor 

blockers (ARBs) improving AD outcomes, is thought to be mediated through Ang IV and its 

receptor, AT4 (ATR4), otherwise known as insulin-regulated aminopeptidases (IRAPs) [22]. 

Ang IV improves cognitive ability and memory function in the brain by mediating anti-
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inflammatory benefits in Alzheimer’s patients as it inhibits the proteolytic nature of its 

receptor when bound. These effects are independent of blood pressure and oxidative stress, 

allowing accumulation of neuropeptides that aid memory formation [22]. 

With a rich angiotensin derivative library, it follows that ACE, and its functions are wide-

ranging due to its previously identified substrate promiscuity. Following the AT1 and AT2 

pathways alone, Ang II and ACE are postulated as important molecules within the immune 

system and ongoing research strives to uncover its function with regards to ACE substrate 

specificity, structure, and expression within the body. 

1.1.2. ACE Structure, Specificity & Expression 

The RAAS has several different arms affecting various processes within the body. This 

system diversity leads one to conclude that with the various aspects of each arm, come 

different physiologic functions aside from the control and regulation of electrolyte fluids or 

blood pressure. Within the RAAS ACE and Ang II have important roles in other pathways, 

including that of the immune response [3,11]. ACE therapeutic strategies utilize its substrate 

promiscuity stemming from its structural properties. The overarching aim of the treatment 

dictates how ACE is to be manipulated through its activity and expression. Lubbe and 

colleagues have published high resolution structures of fully glycosylated somatic ACE and 

its homodimers, providing insight into its flexible structure [23]. Ongoing investigation using 

computer modelling, cryo-electron microscopy and crystallography has shown the complex 

nature of ACE and how there is a vast area of knowledge still to be uncovered. 

1.1.2.1. Structure of ACE 

ACE (EC 3.4.15.1) belongs to the M2 zinc metallopeptidase family with two isoforms, 

somatic ACE (sACE) and testicular ACE (tACE). Both are similarly structured but not entirely 

identical [24]. A heavily glycosylated dipeptidyl carboxypeptidase, ACE functions through the 

cleavage of dipeptides from the C-terminal of substrates [25,26]. 

1.1.2.2. ACE Genetic Properties  

sACE is encoded by a single gene located on human chromosome 17. It consists of 26 exons, 

splicing exon 13 and is translated as a 140-170 kDa protein, with 1306 residues [27,28]. It is 

thought that sACE underwent a gene duplication leading to the existence of two 

homologous domains, the N- and C-domains [10,24]. tACE is expressed through an 
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intragenic promoter of the sACE gene but gives rise to a single domain that is identical to 

the C-domain of sACE barring 36 unique encoded amino acid residues in the N-terminus of 

tACE [9,26]. 

1.1.2.3. ACE Protein Structural Properties 

Mature tACE is 701-residues in length with a leader sequence and 36-residue serine and 

threonine rich N-terminus that is heavily O-glycosylated [29]. Its tertiary structure is 

comprised mostly of alpha helices, with seven alpha-helices and six beta strands [29]. tACE 

is less glycosylated than sACE with six potential glycosylation sites, three shown to always be 

glycosylated and three partially glycosylated. The glycosylation sites of tACE help to shape 

and form the mature protein during folding, aid localisation and stability [26,28]. An 

additional feature found in the crystal structure of tACE was the presence of two 

chloride (Cl-) ions within distinct binding pockets. The importance of chloride presence in 

the binding pockets is known to influence ACE inhibitor binding and ACE hydrolytic activity 

on different substrates [28,30]. 

Within the single sACE polypeptide, the N-terminal signalling sequence is 29 residues and a 

hydrophobic transmembrane sequence for anchorage is present towards the C-terminus [9]. 

sACE is a monomeric enzyme with two homologous domains, the N- and C-domains, each 

holding a single zinc cation (Zn+2) in their active sites [27]. The active sites contain a zinc-

binding-motif (HExxH) with histidine on either side to facilitate zinc ion 

co-ordination [24,25]. The structure of mature sACE (Figure 1.2), begins at the N-terminus 

with an ectodomain comprised of both domains, a 36-residue juxtamembrane region 

followed by a 17-hydrophobic-residue transmembrane region and the 30-residue long 

C-terminal region within the cell cytoplasm [28]. Along with these regions are 

posttranslational glycosylation sites. sACE shares the same six glycosylation sites as tACE, 

additionally holding another ten glycosylation sites on the N-domain. Eight of these sites are 

glycosylated in the folded protein with increased glycosylation aiding thermal stability of the 

N-domain and altering its substrate selection [28,31]. For sACE, the N-domain is known to 

be less dependent on chloride ion availability, and able to function normally under low 

chloride conditions in comparison to the C-domain [28,30,32–34]. 
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Both tACE and sACE ectodomains can be removed from their transmembrane anchors 

through truncation by an as yet unknown sheddase, which cleaves the arginine-serine bond 

in the juxtamembrane region or domain [28]. 

 

Figure 1.2: Schematic of the domain structure of both ACE isoforms, somatic and testicular. Somatic ACE 

contains two similarly structured domains, the N- and C-domain whilst testicular ACE has one domain almost 

identical to the somatic C-domain, only lacking 36 residues. Abbreviations: HExxH – zinc-binding motif active 

site, LR- linker sequence, TM – transmembrane domain, CT – C-terminus, and NT- N-terminus. 

(Adapted from: Harrison et al. [26]). 

Crystal structures of sACE and tACE have shown a channel within the C-domain and a cleft 

within the N-domain. tACE, identical to the C-domain, is composed of two subdomains 

separated by a central 30Å groove covered with various charged residues located in three 

N-terminal alpha helices. The charged residues around the channel prevent tACE and the 

sACE C-domain from hydrolysing large, folded polypeptides [23,25,28,30]. The N-domain is 

also divided into two subdomains with a central groove separating them [34]. A short linker 

(residues 602 – 612), has been visualised between the two domains. The first eight residues 

remain rigid in their conformation, held in place by hydrogen bonds between tyrosine and 

glutamine, whilst the remaining four are flexible and suggest interactions between the N- 

and C-domains of sACE may occur [34]. Cryo-electron microscopy structures of full length, 

glycosylated sACE were published by Lubbe et al. in 2022 providing further evidence that 

ACE is capable of dimerization when exposed to certain inhibitors, causing increased 

membrane expression [23,35–37]. 

1.1.3. Substrate Specificity & Binding 

Schechter and Berger (1967) nomenclature assign specific subsite identities (Sn/S′n) to each 

residue within the protease active site where n represents the position number [38]. 
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Directionally, S’ positions are towards the C-terminus and S positions move towards the 

N-terminus. Both substrate binding and catalytic activity of a protease are via its active 

site [39,40]. An active site has subsites which bind substrate residues in the correct 

sequence position, denoted as Pn or P′n. The scissile bond is located between P1 and P‘1 [39]. 

Substrate specificity and binding strength is attributed to the different residues within active 

site pockets [38,40]. Interactions between the substrate and the subsites within the ACE 

active sites influence how well it is held in position. Incoming substrates optimise their 

positions at the S2, S1, S1’ and S2’ subsites through the displacement of zinc-bound water 

towards a glutamate residue [25]. Based on the catalytic mechanism of thermolysin, a zinc 

metalloprotease and structural analogue of ACE, a general-base mechanism was proposed 

[25,28,41].  

1.1.4. ACE Substrate Specificity 

ACE acts on a variety of substrates with different chloride-dependencies and specificities for 

each one, highlighting the similar but unidentical N- and C-domain specificities [42]. It can 

cleave tripeptides or peptides up to 40 residues in length [43]. These characteristics are well 

described but currently poorly understood. ACE also favours action on unfolded peptides 

rather than fully formed proteins and shows both ectopeptidase and endopeptidase 

activity [25,28].  

The most celebrated substrates of ACE include Ang I, generating the active vasopressor 

Ang II, and bradykinin, a vasodilator which is inactivated through the removal of two 

carboxy dipeptides [25,28]. The C-domain hydrolyses Ang I preferentially over the N-domain 

despite having equal binding affinities and similar domain homology [28,44]. Acetyl-SDKP 

and amyloid β (1-42) are also well studied and preferentially cleaved by the N-domain [45]. 

The promiscuity of ACE in macrophages and other myeloid cells is discussed in Sections 1.2.2 

and 1.3.2. However, it is worth noting that these new substrates were identified in mouse 

plasma of an ACE overexpressing myeloid model [46]. The novel substrates and products 

exist under normal circumstances but may not necessarily be cleaved in hypertensive or 

homeostatic conditions nor human tissues. 
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1.1.5. ACE Localisation & Expression 

sACE is widely distributed throughout the body as endothelial ACE, whilst tACE is solely 

expressed by developing spermatids within the testes [25,26]. Additionally, ACE is produced 

in the kidney, brain, gastrointestinal tissues, the prostate, and lungs [25,47,48]. Along with 

its wide expression, differences between tissue/cell-specific ACE have been observed 

through ‘ACE conformational fingerprinting’ procedures using monoclonal 

antibodies (mAbs) for different ACE epitopes on either domain [49–51]. The different 

epitopes provide evidence of slight conformational changes in ACE that may lead to 

identifying the origins of increased ACE levels within the body [49]. 

Importantly, human ACE has both a signalling sequence to direct it towards extracellular 

localisation and a carboxy-terminal hydrophobic sequence to anchor it in the cellular 

membrane [24]. However, sACE can also exist as plasma ACE in addition to tissue ACE, due 

to proteolytic cleavage in the juxtamembrane region to create a soluble form [52–54]. 

Furthermore, ACE is constitutively expressed on the surface of epithelial, neuroepithelial 

and immune cells (macrophages, neutrophils, and dendritic cells) as reviewed by 

Bernstein et al. [3,9]. The ubiquitous presence of ACE across human tissues provides 

evidence of its role in other physiological processes [5,9]. 

1.2. ACE in Immunity 

The effects of ACE on the immune response have not been well researched despite the 

observation of elevated serum ACE in active sarcoidosis patients and its association with 

other granulomatous diseases [55]. However, various review articles exist noting the 

putative roles of ACE within the immune system [3,5,56–59].  

With the discovery of elevated serum ACE levels in sarcoidosis and atherosclerotic plaques, 

its use as a biomarker to observe disease progression has been considered [49,51]. ACE has 

been designated a cluster of differentiation marker (CD) known as CD143 with numerous 

reviews and publications noting its use as a predictive biomarker in several diseases, 

including liver fibrosis and Gaucher’s disease [49,60–62]. Through cell and tissue-specific 

ACE expression studies, localised ACE has been found in myeloid cell lines, namely 

macrophages, monocytes, and dendritic cells [9,49,63]. The expression of RAAS components 
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in immune cell lines and their peptide/enzymatic effects on the inflammatory response have 

been quite diverse [64]. 

1.2.1. Ang II-dependent Immune Effects 

Immune benefits or disadvantages observed due to Ang II have been thoroughly 

investigated as compared to other ACE substrates. Ang II-AT1 receptor interaction has been 

observed to encourage pro-inflammatory responses and macrophage activation [5]. When 

the AT2 receptor is bound by Ang II, anti-inflammatory and tissue repair responses are 

favoured by activated myeloid cells [5]. 

Inflammation is composed of three stages: vascular permeability, leukocyte recruitment and 

activation of tissue repair processes. All stages are influenced by Ang II through its 

interactions with the AT1 and AT2 receptors (Figure 1.3) [65,66]. 

 

Figure 1.3: Overview of Ang II-induced inflammatory actions. The effects of Ang II-induced inflammation 

within the vasculature and globally, influencing all stages of the inflammatory response. Ang II either decreases 

or increases ROS-related inflammatory responses and the resulting transcriptional factor regulation based on 

AT1 or AT2 interaction. Abbreviations: VEGF – vascular endothelial growth factor, TIMP – tissue inhibitors of 

metalloproteinase, MMP – matrix metalloproteinase (Adapted from: Touyz [67]). 

Ang II stimulates prostaglandin, and vascular endothelial cell growth factor (VEGF) 

production through AT1, modulating microvascular permeability [65,66]. Vascular smooth 
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muscle cells (VSMC) secrete VEGF after Ang II induction. VEGF and their tyrosine kinase 

receptors regulate vascular permeability with the mechanisms being both pressor-

dependent and independent. For Ang II, it is postulated to be through cytoskeletal 

rearrangement [67]. Vascular inflammation and remodelling are controlled through VEGF, 

independently mediated of Ang II non-haemodynamic actions, and this is further observed 

in Ang II-infused mice where VEGF inhibition attenuated vascular inflammation [67].  

Throughout the second phase, leukocytes including neutrophils and monocytes are 

recruited to the inflammatory site. During recruitment into the vascular walls, Ang II up-

regulates the expression of E-selectins, vascular cell adhesion molecule 1 (VCAM-1), and 

intercellular cell adhesion molecule 1 (ICAM-1), which are necessary for leukocyte adhesion 

and diapedesis into the tissues [65,66]. For instance, Ang II levels directly increase 

endothelial cell E- and P-selectin expression and is mediated through superoxide (ROS) 

generation and AT1 [66]. Furthermore, Ang II regulates ICAM-1 and VCAM-1 through a 

signalling cascade of AT1 and the mitogen-activated protein kinase (MAPK) pathway that is 

blood pressure independent [66,67]. Ang II also induces cytokine expression including 

monocytic chemotactic protein (MCP-1) and interleukin (IL)-8, which function in 

macrophage recruitment to the vascular walls [65]. Ang II favours increased macrophage-

produced cytokines including TGF-β, IL-1, interferon (IFN) and tumour necrosis factor 

(TNF)-α [67]. These cytokines favour monocyte differentiation, polarization and improve 

macrophage phagocytosis through the direct influence of Ang II [3,5,66]. 

When RAAS inhibitors (ACE and AT1) are administered to murine atherosclerotic lesions, the 

pro-inflammatory effects of Ang II are prevented and there is decreased MCP-1 [65]. 

Experimental atherosclerosis and hypertension studies have decreased monocytic 

infiltration into lesions and aortic tissues along with MCP-1 and CD11b attenuation on 

circulating monocytes, benefitting patient outcome [66]. In vitro studies have shown that 

ACE inhibitor (ACEi) treatment diminishes cell proliferation of myeloid progenitor cells [66]. 

Multiple mechanisms of Ang II-induced vascular inflammation exist. One such mechanism is 

through the highly pro-inflammatory ROS, which is active in each stage of inflammation 

(Figure 1.4). ROS activates multiple inflammatory signalling pathways including MAPK, 

transcription factors (NF-κB), protein tyrosine phosphatases and tyrosine receptor and 

non-receptor kinases.  
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In terms of NF-κB and Ang II, it can stimulate the expression of the AGT gene, thereby 

increasing Ang I and its subsequent products [65]. Within the vascular smooth muscle cells, 

Ang II enhances NF-κB activation through crosstalk with IL-18, a pro-inflammatory cytokine 

responsible for interaction with the NLRP3 and NLRP6 inflammasomes [65,68]. The NLRP3 

inflammasome is recognised as a key contributor to cardiovascular fibrogenesis and controls 

the release of not only IL-18 but also IL-1ß [69]. This inflammasome functions through 

activation of myocardial injury and subsequent inflammation which promotes cytokine 

release as an attempt at tissue repair. Chronic inflammasome activation shift mechanisms 

remain elusive [69]. Consequently, Ang II signalling largely acts through NF-κB activation via 

AT1 to cause the subsequent production of chemokines, cytokines and cell adhesion 

molecules that amplify the pro-inflammatory response [70]. During inhibition of both ACE 

and NF-κB, a study reported reduced expression of IL-6, VCAM-1, and MCP-1, reducing 

inflammation in the vasculature and leukocyte recruitment to the vascular walls [65]. 
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Figure 1.4: Ang II-induced vascular inflammation and crosstalk mediation under the control of transcription 

factors, NF-κB and Est-1. Both Ang II and aldosterone act on enhancing transcription mediator control over 

various signalling pathways to influence the three stages of inflammation. These effects are non-

haemodynamic. Ang II binds to AT1R to induce oxidative stress as mediated by NAD(P)H oxidase. Production of 

superoxide oxidizes tetrahydrobiopterin (BH4), a nitric oxide synthase cofactor. This reduces BH4 availability, 

and the NOS reaction uncouples to increase superoxide production. Increased ROS then causes activation of 

the transcription factors NF-κB and Est-1 to up-regulate inflammatory reactions and proinflammatory genes. 

IL-18 and NF-κB crosstalk also influence Ang II-induced effects. Abbreviations: MR – mineralocorticoid 

receptor, eNOS – endothelial nitric oxide synthase, CM – cell membrane, AT1R – Angiotensin type 1 receptor, 

Ang II – angiotensin II (Adapted from: Marchesi et al. [65]). 

Crosstalk between several pathways and Ang II amplifies vascular injury (Figure 1.4).  

NAD(P)H oxidase, expressed in the vascular wall, endothelial cells, and macrophages, 

generates oxygen radicals through uncoupled NO synthase to amplify the inflammatory 

response, increase vascular contractility, and impair the relaxation process [65]. The 

oxidative stress caused by Ang II may also be from other ROS sources such as the 

mitochondria and xanthine oxidase. However, it is unclear whether Ang II-induced vascular 

injury primarily involves inflammation or oxidative stress [65]. A second downstream 

mediator of Ang II-induced oxidative stress and inflammation is the transcriptional regulator 

Ets-1 (Figure 1.4). Ets-1 is expressed in the VSMCs and blocking this mediator results in 

decreased  NAD(P)H oxidase, vascular remodelling, and ROS production [65]. 
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Aldosterone, a further inflammatory mediator of the RAAS, binds to the mineralocorticoid 

receptor (MR) and causes vascular injury within the brain, heart, and kidneys. Aldosterone, 

as with Ang II, induces oxidative stress and inflammation through crosstalk between several 

pathways as depicted in Figure 1.4. Ang II induces aldosterone secretion from the adrenal 

glomerulosa and both molecules induce inflammation through their non-haemodynamic 

effects. Furthermore, Ang II is degraded by ACE2 into Ang (1-7), regulating vascular 

inflammation through a conversion of vasoconstriction to vasodilation, providing protection 

to the vasculature over injury [65]. 

Lastly, Ang II may be profibrotic or antifibrotic in the recovery stage. This is dependent on 

whether it is bound to AT1 or AT2 [67]. Firstly, Ang II induces fibrosis via the TGF-β 

dependent and independent Smad-signalling pathways. It also stimulates fibrosis by 

increasing connective tissue growth factor (CTGF) production in the vasculature and 

inducing abnormal vascular repair. Ang II therefore influences extracellular matrix 

deposition, growth factor and collagen deposition within the vascular walls [65]. When 

bound to AT1, Ang II induces hyperplasia and hypertrophy through cellular growth factors 

[65,67]. The antifibrotic action of AT2 occurs via blockade of AT1 and subsequent up-

regulation of AT2. This receptor being bound also inhibits vascular inflammation, thus 

favouring vascular recovery [65]. 

Ang II is capable of modulating both the innate and adaptive immune system, as 

summarised in Figure 1.5 [70]. In innate immunity, monocytes/macrophages, natural killer 

cells and neutrophils are all known to produce the full complement of RAAS components. 

Monocytes, once activated by Ang II, produce MCP-1, and increase their NF-κB activity for 

migration to inflammatory sites. In addition, natural killer cells can induce monocyte 

maturation and differentiation into macrophages and dendritic cells through production of 

IFN-γ via Ang II stimulation [70]. In neutrophils, Ang II aids their migration and infiltration 

through increased leukocyte-endothelial interactions. They enhance CXC chemokines, IL-8, 

and macrophage inflammatory protein-2 (MIP-2) required for further macrophage 

activation and pro-inflammatory function [70,71]. 

T lymphocytes, particularly CD4+ T lymphocytes, experience the majority of Ang II 

modulation in adaptive immunity by modulating their proliferation and differentiation 

(Figure 1.5). Chronic Ang II expression, both in vivo and in vitro, up-regulates early activation 
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markers including CD44, CD69 and CCR5 [70]. Locally produced Ang II favours T helper (Th1 

and Th17) proliferation by stimulating increased IFN-γ, IL-17 and decreased IL-4 

production [70,72]. Transfer of T regulatory/ T suppressor cells (Tregs) in chronic Ang II-

infused mice prevents macrophage and T lymphocyte tissue infiltration demonstrating Ang 

II-mediated attenuation of the inflammatory response and its influence on Tregs [70,72]. 

AT1 also exercises a protective role when expressed in myeloid cells and T lymphocytes in 

comparison to hypertensive-related cells [64]. In T lymphocytes, CD4+ Th1 differentiation is 

driven by the T-bet transcription factor. In mice lacking AT1, Th1 differentiation is elevated 

and pro-inflammatory cytokines including IFN-γ and TNF-α are abundant. However, when 

the AT1 is present, Th1 differentiation and pro-inflammatory cytokine release is suppressed 

[64]. In macrophages, a suppression of proinflammatory M1 polarization is also seen when 

AT1 is activated. Once activated, AT1 results in reduced TNF and IL-1β levels, two potent pro-

inflammatory cytokines [64]. The exact AT1 modulation pathway interactions of the myeloid 

and lymphoid pro-inflammatory populations are under investigation and may aid in 

reversing or preventing degradative hypertensive and renal fibrotic consequences [64]. 
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Figure 1.5: The roles of Ang II in innate and adaptive immunity. These functions are mediated through the AT1 

receptor signalling cascade in different immune cell lineages, some roles are enhanced through ACE 

overexpression and mediated via Ang II (Adapted from: Chang et al. [70]). 

Bridging the adaptive and innate response are dendritic cells (DCs). When exposed to Ang II, 

DCs mature faster and are stimulated to migrate and present antigens (Figure 1.5) [70,73]. 

However, their proliferation and phagocytic activity is suppressed by Ang II [73]. DC 

activation up-regulates and mediates T lymphocyte activation through the activation of the 

STAT1, ERK1/2, p65 and NF-κB pathways, of which some were highlighted in Figure 1.4 [73]. 

From these innate and adaptive immune Ang II-induced observations, it is postulated to play 

a potential role in mediating autoimmunity. Animal model studies have shown immune 

benefits from inhibiting Ang II production or binding of AT1, particularly in rheumatoid 

arthritis (RA) research. In human studies, elevated AT1 and Ang II have been observed along 

with increased ACE activity within arthritic patients. The potential use of tissue-specific ACE 

inhibitors may prove beneficial to these patients in alleviating the onset of arthritis as a 

prophylactic drug or further damage by the ongoing condition [56,70].  
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Ongoing investigations of the therapeutic benefits involving AT1 blockade and ACE inhibitor 

treatment on autoimmunity, arthritis and other pathologies will lead to further 

understanding the implications of Ang II-dependent immune responses [56]. In closing, ACE 

was thought to mediate inflammation through Ang II and RAAS-like functions within 

macrophages or through bradykinin inactivation of its active form [9]. However, the recent 

upsurge in investigating its role within immunity has shown that there are Ang II-

independent effects as well [5,9].  

1.2.2. Ang II-independent Immune Effects 

Ang II-independent immunity has been investigated to a lesser extent, but introduces 

important results [5,70]. An early example of Ang II-independent immune enhancement is 

through the different RAAS components which elicit effects on target tissues as discovered 

by Nguyen et al. during their cloning of the PRR [74]. Renin and prorenin were able to 

activate the ERK1/2 signalling cascade independently of Ang II by binding the PRR and 

promoting inflammation. As monocytes, macrophages and T lymphocytes express the RAAS 

components, PRR is required for CD4+ and CD8+ requisition during thymic selection and 

maturation of T lymphocytes. Renin also induces IL-6 and cyclooxygenase 2 (COX-2) 

secretion in macrophages through this kinase signalling pathway [64,74]. However, the 

extent of renin and prorenin mediation of the inflammatory response or immune cell 

marker expression is yet to be fully clarified [64].  

ACE immune modulation is complicated by its broad substrate specificity. As mentioned in 

Section 1.1.4, Semis et al. established a novel ACE substrate peptide library from mouse 

plasma. Peptides ranged from 3 to several amino acids in length [42]. However, earlier 

studies have also characterised the substrate promiscuity of ACE and observed 

Ang II-independent effects, particularly in the adaptive and innate immune response [64]. 

Furthermore, ACEi reduce inflammatory cytokines supporting a partial role in mediating the 

immune response. ACE inhibition reduces cardiovascular and renal damage but its 

expression in immune cells specifically results in their altered cellular actions [64]. 

1.2.2.1. ACE partakes in Major Histocompatibility Complex Antigen Presentation 

ACE participates in antigen presentation and processing and T lymphocyte 

activation [14,43]. ACE provides additional peptide cleavage after proteasomal degradation 
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during Major Histocompatibility Complex (MHC) Class I peptide preparation as indicated in 

Figure 1.6 [64]. 

 

Figure 1.6: Additional ACE-mediated cleavage increases the MHC Class I and II peptide repertoire. ACE 

provides further peptide processing in the ER after proteosomal degradation in the MHC Class I pathway for 

CD8+ T cells. During MHC Class II preparation, ACE may process peptides within the endosome, lysosome, and 

ER before antigen presentation for CD4+ T cells. Both pathways have increased peptide libraries for antigen 

presentation due to ACE involvement. Abbreviations: ER – endoplasmic reticulum, CLIP – Class II-associated 

invariant chain peptide, MHC – major histocompatibility complex, CM – cell membrane, CD – cluster of 

differentiation (Adapted from: Oosthuizen & Sturrock [56]). 

During peptide loading of MHC molecules, peptides are chosen for surface presentation 

based on their length and sequence. The peptide pool is altered through aminopeptidases 

for trimming of the N-termini, whilst the C-termini were accepted to be cleaved through the 

proteasome [75–77] before moving to the endoplasmic reticulum (ER). Functional ACE in 

the ER of antigen presenting cells (APCs), namely macrophages and dendritic cells, can 

digest and modify the MHC Class I peptide repertoire [14]. Though ACE overexpression 

identified this functionality, subsequent studies showed ACE altered the C-termini of 

antigenic peptides under physiologic conditions [14,15]. In mice, other carboxy peptidases 
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cannot correct for a lack of ACE during MHC peptide digestion and presentation [15]. ACE 

therefore contributes to the specialised adaptive response through additional MHC peptide 

processing [5,15,64]. 

Additionally, ACE adds to the MHC Class II repertoire (Figure 1.6). As with MHC Class I, ACE 

can increase or decrease certain types of peptide presentations, depending on how well it 

binds to the peptide [43]. MHC Class II endosomal/lysosomal ACE involvement has been 

recorded in both ACE overexpressing and wild type (WT) mice. Murine ACE overexpression 

has been associated with increased B16 melanoma resistance, partially attributed to the 

altered MHC Class II peptide processing pathway [43,78]. However, ACE involvement in 

antigen presentation is still dependent on the peptide amino acid positions in the sequence, 

favouring one array over another as described in Section 1.1.3 [5]. As a result, ACE 

overexpression will not always increase peptide immunogenicity and the enhanced immune 

response seen in overexpressing murine macrophages likely involves several mechanisms 

[5]. 

The importance of ACE in MHC Class II peptide processing and whether its inhibition in APCs 

will influence autoimmunity is still to be investigated. It is worth noting that with ACE 

inhibitor treatment, no autoimmunity in humans has been observed [79]. However, ACE 

inhibitor treatment has improved the outcome of certain autoimmune conditions such as 

multiple sclerosis, lupus, and rheumatoid arthritis by decreasing pro-inflammatory cytokine 

production. IL-12 and TNF-α cytokines are significantly reduced in autoimmune disease 

models and when used in conjunction with AT1 blockers, immune cell activation, cytokine 

expression and autoantibodies decreased. This is partially due to the lack of Ang II to 

activate the inflammatory response but as blockade of its receptor also improved disease 

outcome, an unknown mechanism behind ACE-mediated autoimmunity was also inhibited 

[70,72,79]. 

1.2.2.2. The Relationship between ACE & Alzheimer’s Disease 

Using genome- and proteome-wide association studies (GWAS and PWAS), ACE was 

identified as a candidate gene in AD. Individuals with the single nucleotide variation (SNV), 

rs4277405, in the ACE gene have an up to 45-fold increased risk of developing AD when 

present as a homozygous insertion (I/I) allele [62,80–84]. However, individuals with the 
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variant D/D allele of ACE have increased plasma levels of the enzyme and a lowered risk of 

developing AD [80].  

Importantly, ACE can cleave β-amyloid derivatives including the 42 sequence-long plaque, 

amyloid β (1-42) responsible for AD pathogenesis [85]. Neuroprotective macrophages have 

an increased ability to cleave β-amyloid plaques when recruited to the brain, partially due to 

ACE expression. Neuroinflammation is regulated by these peripheral macrophages in 

contrast to resident microglia associated with neurodegenerative disease [80]. In mice, ACE 

overexpressing macrophages have increased memory retention and cognitive stability 

unlike WT mouse phenotypes.  

Lifelong ACE overexpressing mice with AD had reduced inflammation and pathogenic 

amyloid-β protein in the brain. This effect was mediated by monocytes and macrophages 

which had a protective phenotype on the brain and conserved cognitive function in the 

mice, preserving their synapses [86]. Furthermore, transferring bone marrow-derived ACE 

overexpressing macrophages had comparable neurocognitive protection in AD mice [80]. 

ACE 10/10 monocytes and macrophages were effective against both soluble and insoluble 

forms of the amyloid β (1-42) peptides in the brain, preserving murine cognitive abilities. 

These results offer an alternative AD treatment for human patients by transferring ACE 

overexpressing monocytes and macrophages similar to chimeric antigen receptor (CAR) T 

cell therapy and the novel CAR macrophages [80,87,88]. 

1.3. ACE Overexpression Conveys Enhanced Immunity 

Bernstein and colleagues lead in revealing new roles of ACE and its involvement in the 

immune response, which provide holistic views on its function in humans and mice [3,5,57]. 

The role of ACE overexpression in immunity is expanding with numerous reviews 

highlighting its variable functionality [1,5,56–58,89] 

ACE overexpressing murine models have improved resistance to immunological challenges 

such as bacterial infection and B16 melanoma. The transgenic ACE 10/10 model 

overexpresses ACE 16- to 25-fold in murine macrophages in comparison to their WT 

littermates [1,5,6]. In addition, the NeuACE mouse model overexpresses ACE in neutrophils 

up to 18-fold. Both models have enhanced immune capabilities whilst maintaining normal 

blood pressure and kidney function.  
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1.3.1. Phenotypes of ACE Overexpression 

Macrophages are now known to have varying phenotypes and greater plasticity or flexibility 

due to changing microenvironments and variable cytokine secretion [90]. Two main 

phenotypes are described in response to IFN-γ and IL-4, classically activated M1 (pro-

inflammatory) and alternatively activated M2 (anti-inflammatory), respectively [90,91]. Anti-

microbial M1 macrophages are essential to the innate immune response whilst M2 

macrophages are integral to clearance and tissue repair pathways [90–92]. The emphasis of 

enhanced immunity in the ACE 10/10 model comes from the tilt toward a classical M1 

phenotype of the murine macrophages (Figure 1.7). 

ACE 10/10 macrophages exhibit enhanced pathogen-killing and antitumour capabilities, 

features associated with the M1 phenotype [78]. These macrophages have decreased IL-10 

levels and elevated IL-12 and NO levels. ACE 10/10 tumour resistance is attenuated by ACEi 

but not AT1 inhibition, suggesting Ang II independent pathways and potentially unidentified 

ACE substrates [78]. 
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Figure 1.7: ACE overexpression enhances key immune and metabolic pathways in murine overexpression 

models. Both NeuACE and ACE 10/10 models show improved clearance of infections and tumours. No 

overexpression work has been concluded in human immune cell lines whilst ACE inhibition reduces bactericidal 

ability of both isolated human and murine ACE overexpressing neutrophils (NeuACE model). 

It is of interest whether both or one of the catalytically active domains of ACE participate in 

the enhanced immune response. Alternative C- and N-domain substrates could induce ACE-

mediated enhanced immunity, but one domain may be more suited to this role than the 

other. Secondly, identifying the domain responsible for the enhanced immunity paves the 

way for the development of domain-specific drugs that could activate or halt this role to 

treat overactive immune systems. In transgenic knockout (Tg-KO) mouse models, an active 

C-domain (Tg-NKO) was required for the exaggerated ACE phenotype and slowed tumour 

growth whilst an active N-domain (Tg-CKO) was unable to replicate the enhanced immunity 

[93]. The up-regulated inflammatory state of ACE overexpressing macrophages is therefore 

due to active C-domain overexpression (NKO) rather than the active N-domain (CKO). 

Myeloid-derived suppressor cell (MDSC) development is also suppressed by the up-
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regulated C-domain catalytic activity of the ACE 10/10 macrophages [93,94]. Normally, the 

immune response is dampened by MDSCs, but they also impact several pathologies 

including chronic inflammation, sepsis, and cancer [94]. A lack of ACE in murine models 

results in increased immature myeloid precursor populations (macrophages, granulocytes 

and DCs) whilst ACE overexpression lowers MDSC populations and favours pro-inflammatory 

macrophage development [94]. 

The TNF-α signalling pathways play a role in ACE-mediated tumour resistance as when 

blocked through TNF-α antibodies, M1 polarization of macrophages is inhibited. M2 markers 

increase in expression during TNF-α blockade. M1 polarization through TNF-α is further 

dependent on ROS production and can be prevented through ROS blockade by 

diphenyleneiodonium (DPI) [93]. Through the different macrophage crosstalk pathways, the 

net effect of the observed cytokine changes is an increase in immune response beyond that 

of WT mice [93]. A further indicator of ACE C-domain involvement in enhanced immunity is 

through experiments that have determined the effect is independent of Ang II, substance P, 

and bradykinin by utilising receptor inhibitors and transgenic mice incapable of producing 

angiotensin peptides [78,95,96]. These studies highlight a novel ACE C-domain-mediated 

pathway utilising an unknown substrate and product above WT macrophage 

abilities [46,93]. 

Furthermore, improved immunity continued with lipopolysaccharide (LPS) challenge to bone 

marrow-derived ACE 10/10 macrophages in culture and their transplantation into WT 

mice [5,78]. In adaptive immunity, antigen presentation from the macrophages to CD8+ and 

CD4+ T lymphocytes is also enhanced and required for efficient tumour-specific immune 

attacks as outlined in Section 1.2.2.1 [78]. In B lymphocytes, macrophage ACE 

overexpression mediates CD4+ activation and elevates anti-OVA (ovalbumin) antibodies in 

mice [5,43]. The humoral adaptive branch can also be enhanced by ACE overexpression as a 

result (Figure 1.5 &Figure 1.7) [43]. This finding was particularly true for the IgG1 antibody 

which was up to 20-fold higher and is an important initial antibody during infection [5].  

Listeria monocytogenes and methicillin-resistant Staphylococcus aureus (MRSA) immune 

challenge observe enhanced bactericidal properties in the ACE 10/10 model [97]. MRSA-

infected skin lesions of these mice resist bacterial growth, but the macrophages require 

IFN-γ priming. Furthermore, ACE participates in peptide processing for antigen presentation 
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aiding adaptive immunity and does not use its catalytic activity for direct bactericidal action. 

The critical role of ACE overexpression may be enhanced peptide presentation and immune 

pathway activation rather than a separate hostile microenvironment being created [5,97]. 

However, heightened iNOS and nitrogen intermediate expression in place of increased ROS 

production also aid the enhanced ACE 10/10 immunity. Using an iNOS inhibitor, elevated 

bacterial infection resistance was alleviated as compared to their WT murine 

counterparts [97]. These observations coincide with ACE/Ang II-mediated vascular 

inflammation, using elevated NO production as the driver. 

In NeuACE neutrophils, bactericidal and oxidative responses are strengthened [4]. In WT 

neutrophils challenged with MRSA, ACE expression increases. Interestingly, NeuACE 

neutrophils exercise heightened bactericidal ability emphasising a direct connection 

between ACE production and bactericidal ability [5,95]. The mechanisms by which 

neutrophils exercise the bacterial killing ability are enhanced through ACE overexpression. 

Specifically, phagocytosis (via ROS production) and neutrophil extracellular trap (NET) 

formation [4,95,98]. Both  NAD(P)H oxidase inhibitors and ACE inhibitors inhibit ROS 

production and alleviate the enhanced immune effect in NeuACE and ACE 10/10 

macrophages [5]. In addition, a small human pilot study noted decreased in vitro 

extracellular and intracellular bactericidal abilities of neutrophils when participants were 

treated with a one-week ramipril regimen [99]. In contrast, the ARB losartan had no impact 

on murine neutrophil bactericidal ability whilst ramipril reduced ROS production and 

leukotriene B4 (LTB4), a key honing molecule in neutrophil migration. This lends itself to the 

idea that ACE inhibition may negatively impact human immune cell ability, but this is still to 

be explored in other cell types and diseases [56,99]. 

1.3.2. Mechanistic Pathways in ACE Overexpression 

The exact ACE-mediated mechanism of enhanced immunity is under investigation. Cao et al. 

provided evidence of amplified oxidative metabolism and ATP production in ACE 10/10 

macrophages and NeuACE neutrophils [100]. ACE 10/10 macrophages without stimulation 

did not differ in their ATP levels in comparison to WT macrophages whilst unstimulated 

neutrophils from NeuACE mice had increased ATP over their WT counterparts. When 

stimulated, both peritoneal and bone marrow-derived macrophages had 2.4 times more 

ATP than WT cells [95]. This suggests a sophisticated regulatory control of macrophage 
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metabolic activity under the influence of ACE overexpression. Within the adaptive immune 

system, T and B lymphocytes of ACE 10/10 mice had no difference in their oxidative 

metabolism [95]. 

No significant difference in glucose nor glucose transporter levels was apparent between 

WT and ACE 10/10 or NeuACE cells. Glycolytic activity was insignificantly increased whilst 

oxidative phosphorylation was more active [95]. The mitochondrial size and number in cells 

remained unchanged despite higher electron transport chain (ETC) complex I and IV 

expression [95]. However, increased oxygen consumption and cyclooxygenase 1 (COX-1) 

expression as part of complex IV was observed in ACE 10/10 macrophages. In NeuACE 

neutrophils, ETC complex I and IV were also up-regulated despite favouring glycolysis over 

oxidative phosphorylation. Both cell lines had more active cell states as a result [95,98]. 

Along with the increased oxidative metabolism came an increase in membrane potential up 

to 24% greater than for WT cells, thus an increase in ATP production could be expected from 

ATP synthase (complex V) activity. 

The relationship between increased ATP production and the immune response is seen with 

an increase in superoxide production which acts as a bactericidal and phagocytic effector 

molecule in macrophages [92,95]. The enhanced immune phenotype of ACE 10/10 

macrophages has a direct link between increased ATP production and oxidative 

phosphorylation shown by the enhanced phagocytic ability and superoxide production in 

these cells when challenged with bacterial infection [95].  

ACE overexpressing neutrophils and macrophages also increase TCA cycle intermediate 

production (succinate, isocitrate, citrate and L-malate) which compensates a glycolytic burst 

and elevated signalling molecules in other immune cells [92,95]. However, ACE 10/10 

macrophages had only a slight glycolytic increase. The overall oxidative metabolism of the 

ACE 10/10 macrophages was 31% greater than WT macrophages. Overexpressing 

neutrophils had 27% more oxidative activity than WT neutrophils. These oxidative metabolic 

alterations suggest bactericidal products aside from superoxide production to enhance their 

killing ability and that a novel pathway is at work [92]. 

At present, the peptide(s) responsible for the ACE 10/10 and NeuACE phenotypes are 

unknown with a new library of potential substrates identified by Semis et al. in 2019 [42]. 
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Following this, the bone marrow-derived macrophages of ACE 10/10 mice see no increase in 

cellular ATP unless stimulated and under tissue culture conditions do not have increased 

ATP either, possibly due to the novel ACE substrate not being available under culture 

conditions [95]. Semis et al. performed high resolution mass spectrometry for comparative 

peptidomic analysis through both untreated and ACE-treated mouse plasma, favouring 

peptides less than 5 kDa. These experiments were performed in ACE knockout/deficient 

mice as using ACEi-treated mouse plasma would have skewed results due to other 

competitive peptidases acting on potential ACE substrates. The proteomic data obtained 

identified 244 novel peptide substrates and products of ACE with 168 substrates and 85 

products. Putative substrate/product pairs totalling 36 were identified through the 

preferential cleavage of two amino acids from the C-terminus of the substrate, the 

composition favouring polar residues in positions P1-P4 but excluding proline or isoleucine 

in positions P1’ and P1, respectively [38,42]. 

Additionally, several of the peptides have also been identified in human plasma. Thus, the 

alternative ACE pathway in enhanced immunity is likely to be present in both humans and 

mice. Of interest were several complement proteins identified in sera, NeuACE mice 

enhanced their immune complex uptake in a glomerulonephritis model through increased 

complement C3b activation. Complement C3 was previously identified in mouse serum as an 

ACE substrate and provided protection against glomerular damage using NeuACE 

neutrophils [42,101]. 

Despite substantial evidence of an increase in ACE expression in both humans and mice 

when immunologically challenged, the enhanced effect seen in mice may not translate to 

humans as the differences in ACE expression under normal conditions are stark [5,49]. ACE 

expression in murine myeloid cells decreases during differentiation of monocytes into 

macrophages, whereas in humans, ACE expression is low but increases up to 50-fold during 

monocyte-macrophage differentiation [5,49]. Furthermore, ACE activity in murine blood and 

tissues is higher than that observed in humans, indicating that the enhanced immune 

responses may be increased baseline activity over expression levels [49]. 

These considerations could limit the potential of ACE immunotherapies in humans, but in-

depth monocyte/macrophage proteomic studies may lead to explanations on how to utilise 

these differences and gain the same immune benefits as observed in transgenic mice. 
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1.4. Implications of RAAS & ACE Manipulation in Humans 

Expression of RAAS components in immune cells and their unique actions on immunity 

should realise the possibility of optimized clinical interventions in humans. New therapies 

may be personalised and limit both RAAS-dependent inflammation and enhance immunity 

against common and deadly pathological conditions. Once carefully developed, 

manipulation of the RAAS components, including ACE and AT1, could be applied to specific 

cardiovascular and renal conditions to limit the inflammatory response; particularly negative 

effects of inhibitor treatment [64]. The use of ACE inhibitors does not induce 

immunosuppression as can be expected from the numerous pathway overlays and 

interactions that occur in the immune system [5]. With regards to the PRR, direct renin 

inhibition has seen clinical improvements in diabetes patients, decreasing IFN-2α and IL-2 

urinary excretion, whilst in hypertensive patients, C-reactive protein secretion 

decreased [64]. These results were not consistent in some groups, requiring a new RAAS-

manipulation strategy to be used in a therapeutic setting [64].  

RAAS signalling cascades therefore interact with immunity on multiple levels, causing cell-, 

organ-specific and global changes to the immune system [64]. The complex nature of these 

interactions requires further analysis to provide new directions for treatment of conditions, 

be they Ang II-mediated or Ang II-independent RAAS effects [64]. Thus, the importance of 

ACE as a potential role-player in the immune response cannot be overlooked and its 

influence could be harnessed as a new therapeutic tool in humans. 

1.5. Aims & Objectives 

Better understanding and further investigations regarding the mechanism of how ACE 

affects the immune response are needed before progress in human disease can be made, 

specifically cancer, Alzheimer’s, and autoimmunity [5]. ACE inhibition, although it does not 

cause immunosuppression, may alter myeloid cell populations in humans which should be 

investigated along with different myeloid populations in mice and humans [94].  

Currently the true effects of ACE overexpression in human myeloid cells are unknown and 

require further investigation to determine if similar immune benefits are seen in humans as 

in mice [5]. Therefore, this body of work aims to investigate the mechanism of ACE 

overexpression in myeloid cells and the associated proteomic changes. 
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1.5.1. Objectives 

1. Perform proteomic analysis of murine and human ACE overexpressing macrophages to 

investigate changes in the intracellular proteome using mass spectrometry. 

2. Identify putative pathway(s) that are active and/or dysregulated during ACE 

overexpression in myeloid cells. 

3. Investigate the effect of domain-specific ACE inhibitors on the intracellular proteome of 

ACE overexpressing macrophages. 
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2. The Effect of ACE Overexpression & Inhibition in the Murine Macrophage Proteome 

2.1. Introduction 

The dynamic functions of cells and biological systems is best described by measuring 

changes in their proteome rather than genetic makeup. Genes are constant, and change 

very little if at all over time, while the homeostatic nature of living cells results in constant 

changes to protein components according to the environment and conditions they find 

themselves in [102,103]. Proteomics studies types, quantities, and functional interactions of 

the protein components of a specific cell, tissue, or system [104,105]. It allows for complex 

relationships to be elucidated and understood in a more holistic manner by conducting 

large-scale determination of direct cellular function at the protein level [105]. A common 

method of proteomic analysis is through global mass spectrometry-based techniques, 

particularly for exploratory analysis with limited protein content in samples. Given ACE’s 

broad physiological functions, a global mass spectrometry study would aid in identifying 

dysregulated proteins and pathways previously not associated with ACE. It allows for cost-

effective wide-scale analysis without prior knowledge in contrast to the need for specific 

antibodies, protein interactor and modification knowledge, and larger amounts of protein 

samples used in western blots for protein detection, often exceeding 5 µg. 

2.1.1. An Introduction to Mass Spectrometry 

Mass spectrometry (MS) relies on molecules ionized in the gas phase detecting and 

recording their mass-to-charge ratios (m/z) and intensities [105]. For complex samples such 

as plasma or cell lysates, a common ionisation method is electrospray ionisation (ESI), which 

can be combined with liquid-based separation tools such as liquid chromatography (LC) 

[105,106]. ESI-MS has been paired with tandem MS and LC in a technique known as 

LC-MS/MS, an efficient technique capable of whole proteome analysis. LC facilitates deeper 

real time analysis of samples by analyte separation in time producing smaller ion packets. 

Two broad proteomic categories exist, data-dependent acquisition (DDA) and data-

independent acquisition (DIA). 

2.1.1.1. Discovery Proteomics & Proteolytic Digestion 

Typical proteomics workflows rely on sample preparation which includes protein 

purification, predictable digestion into peptides, clean up and MS analysis.  
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DDA is an untargeted approach which favours high intensity ion identification within its 

global protein coverage but provides a starting point in finding proteins of interest to 

explain the murine ACE 10/10 macrophage model’s immunological benefits. Importantly, 

proteolytic digestion increases sample complexity, but also increases the chance of sampling 

a peptide associated with a low-abundance protein by creating smaller peptides for high 

confidence sequencing and identification due to the presence of multiple copies of proteins 

within the sample after digestion [107]. Trypsin, a typically used protease is a serine 

protease which cleaves proteins at the carboxyl side of lysine (K) and arginine (R) residues. It 

recognises the sequence K/R-Z where Z is any amino acid residue [102,107]. An important 

factor includes protein solubilization and unfolding to allow access to cleavage sites [106–

108]. However, discovery mass spectrometry and DDA is limited by the MS instrument’s 

capabilities and can have high missing values of low abundance proteins and needs longer 

analysis times. DIA lends itself to tackling these problems. 

2.1.2. Triple-TOF-Based SWATH Proteomics 

Sequential window acquisition of all theoretical fragment ion spectra (SWATH) mass 

spectrometry is an untargeted DIA-based method that allows comprehensive proteome 

coverage, including low abundance peptides/proteins [102,103,109,110]. With high scan 

speeds up to 100 Hz, the triple quadrupole Time-of-Flight (TOF) mass spectrometers are 

known for high throughput and enhanced detection. Quadrupoles Q1 and Q3 act as mass 

filters, whilst Q2 acts as the collision cell to produce fragment ions. The TOF allows for a full 

MS scan and accelerates ions based on their m/z ratios (Figure 2.1), with smaller fragments 

accelerating faster than larger fragments [102–104]. 
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Figure 2.1: Principle of TOF. Ions enter the flight tube and are accelerated with fixed time and at a fixed point 

with the same potential. Ions separate according to m/z ratios with heavier ions travelling slower than light 

ions towards the detector (Adapted from: Allen et al., Andrews et al., Comai et al. [104–106]). 

Briefly, SWATH (Figure 2.2) applies cyclical acquisition of precursor ions in a sample across 

the full m/z range. All precursor peptides are fragmented in this method and their 

respective fragment ion peaks identified across sequential fixed or variable isolation 

windows [109,111,112]. Those ion species that co-elute at the same point during gradient 

elution are recorded in the full scan (MS1), whilst fragment ion spectra are sequentially 

collected once isolated at the MS2 level [102,112]. SWATH thus provides the benefit of 

increased identification reproducibility across replicates, improved proteome coverage 

because of precursor ion selection independence and precise label-free 

quantification [102,110,112,113]. Triple-TOF SWATH-MS is therefore a powerful method for 

the identification of the effects and putative interactors within the ACE overexpressing 

murine model. 
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Figure 2.2: SWATH-MS isolation window scan scheme and eluted precursor detection. The mass 

spectrometer cycles through the m/z range in either variable or fixed window sizes as peptides elute. All 

peptide ions within a window are co-fragmented and their resultant fragment ions recorded in a composite 

MS2 scan. For each isolation window, the instrument records fragment ions over time 

(Adapted from Röst et al. [107]). 

2.1.3. Phosphoproteomics 

Protein phosphorylation (Figure 2.3) is important in transient cell signalling systems, where 

it alters enzyme pathways. Phosphorylation of serine (S), threonine (T) or tyrosine (Y) 

residues may alter protein activity, localization, and protein interactions in response to 

stimuli, ultimately changing the internal cellular landscape [108,114,115]. 

Phosphoproteomics utilizes mass spectrometry to survey the comprehensive landscape of 

protein phosphorylation sites, characterizing kinase and phosphatase activity [115,116]. 

Despite their importance in cell signalling phosphorylated proteins are difficult to detect 

within complex lysates due to low stoichiometry and require enrichment for MS 

analysis [108,115]. Enrichment methods include immunoaffinity chromatography, metal 

oxide affinity chromatography (MOAC) and immobilised metal affinity chromatography 

(IMAC). Ti-IMAC in the form of magnetic bead polymers bound with titanium (Ti4+) ions is 

currently a popular and affordable enrichment method that provides a selective, fast, and 

user-friendly experience [108]. Phosphorylated proteins, both multiply and mono-

phosphorylated, bind titanium ions well and can be quickly and efficiently separated from 
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unmodified proteins using a magnetic separator. The beads can be easily washed, and 

phosphoproteins eluted into separate vessels. Although other phosphoproteomics 

approaches exist, including microarrays and fluorescent analysis, mass spectrometry 

requires no prior knowledge or identification of known sequences, an advantage in 

elucidating putative interactors of ACE 10/10 immune enhancement signalling 

pathway(s) [5,100]. 

 

Figure 2.3: Phosphorylation and dephosphorylation of proteins. Both transient processes change system 

signal networks and their systemic responses. Phosphorylation and dephosphorylation are enacted via the gain 

or loss of a phosphate group from specific residues (STY) using the energy molecule ATP/ADP, respectively. 

2.1.4. The Basal Proteome & Cell Signalling in ACE 10/10 Murine Macrophages 

The basal ACE 10/10 macrophage proteome has no external stimulation including cytokine 

and/or immunological challenge. An overexpression system such as the ACE 10/10 

macrophages may still alter cellular signalling and protein function at rest or basal 

conditions where metabolic changes resulting in increased oxidative metabolism, ATP 

production and cytokine expression have been recorded with stimulation [117,118]. Global 

proteomic analysis of ACE 10/10 murine macrophages will serve as a powerful tool for 

confirming known functional changes and directing research in understanding ACE 

overexpression-associated immune benefits or mechanisms thereof. Phosphorylation and 

dephosphorylation studies would contribute to understanding the exaggerated ACE 

phenotype observed in ACE 10/10 macrophages and may provide regulatory information 

and protein kinase activity. This study identified the differentially expressed unmodified and 

phosphorylated proteins in isolated unstimulated murine ACE 10/10 macrophages with and 

without ACE inhibition. 
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2.1.4.1. Objectives 

• Perform global discovery proteomics analysis using a Sciex 6600 Triple-TOF mass 

spectrometer to analyse murine ACE 10/10 and WT macrophage cell lysates. 

• Compare the murine ACE 10/10 macrophage proteome to the proteome of WT and ACE 

C-domain inhibited macrophages. 

• Identify phosphoproteins and their associated present or dysregulated kinases in murine 

ACE 10/10 macrophages after phosphopeptide enrichment. 

2.2. Methodology 

A graphical representation of the standard sample processing and preparation for 

mammalian mass spectrometry is shown in Figure 2.4. Each step is described in further 

detail in Sections 2.2.2 and 2.2.3. Briefly, proteins were precipitated overnight before 

resuspension in denaturation buffer (Figure 2.4A). Proteins were then reduced, and 

dealkylated and the pH was adjusted using ammonium bicarbonate (ABC) before the 

addition of trypsin. The proteins were digested overnight, and the reaction was stopped by 

acidification (Figure 2.4B). Peptides were then desalted and eluted into glass vial inserts, 

dried down and resuspended to the required peptide concentration or eluted from the 

column directly into the machine for mass spectrometric analysis (Figure 2.4B-D). In 

phosphoproteomics, proteins were enriched for phosphopeptides, and a second aliquot of 

unmodified protein used as background. 
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Figure 2.4: Mass spectrometry sample preparation. (A) Protein methanol/acetone precipitation and Bradford [119] quantification from cell lysates. (B) Protein trypsin 

digestion and desalting in preparation for mass spectrometry analysis. (C) Peptide resuspension and analysis via the relevant mass spectrometer, leading to spectra used 

for protein identification and differential analysis. (D) Triple TOF digests are acidified, and 1 µg loaded onto EvoTips for offline desalting and elution directly coupled to the 

mass spectrometer. Abbreviations: DTT – dithiothreitol, IAA-iodoacetamide.  
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2.2.1. Cell Culture & Treatment 

2.2.1.1. ACE 10/10 Transgenic Mouse Model 

In mice, Shen and colleagues used homologous recombination to insert both a neomycin 

resistance cassette and the c-fms promoter directly in front of the somatic ACE gene [6,120]. 

The c-fms promoter directly 5’ of the ACE gene removes tissue specificity and places ACE 

tissue expression under control of the c-fms promoter instead. In mice this modification 

removes endothelial ACE expression, but the mice can maintain healthy blood pressure, 

renal function, and weight. The transgenic mice expressed high levels of ACE in their 

monocytes and macrophages. 

2.2.1.2. Murine Cell Culture & ACE Inhibitor Treatment 

Murine ACE 10/10 macrophages and WT tumour-bearing peritoneal macrophages (TPM) 

were isolated and cultured in 6-well plates at a seeding density of 1 x 106 cells/ml. Two 

experimental conditions were in place for both cell types: untreated macrophages and those 

treated with 50 µM lisinopril-tryptophan (Lis-Trp), a C-domain selective ACE inhibitor, for 

24 hours. Each condition was collected in triplicate, totalling 12 samples (Table 2.1). Cells in 

each sample were washed with chilled 1x PBS in triplicate and lysed using RIPA buffer 

containing 4% SDS and a protease inhibitor cocktail to prevent protein degradation. The 

lysates (gifted by K. Bernstein, Cedars-Sinai Medical Centre, USA) were then frozen and 

stored at -80°C until use. 

Table 2.1: Experimental groups of mouse macrophage lysate samples (gifted by K. Bernstein, USA). 

Sample Group Number of Samples in Group 

ACE 10/10 3 

ACE 10/10 + Lis-Trp 3 

WT TPM 3 

WT TPM + Lis-Trp 3 
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2.2.2. Mass Spectrometry Sample Preparation 

2.2.2.1. Protein Precipitation & Quantification 

In mass spectrometry, peptide fragments are the molecule of interest. For this purpose, cell 

lysates were subjected to acetone:methanol precipitation in a ratio of 8:1. All cell lysates 

were transferred to LoBind® Eppendorf tubes (Eppendorf, Germany), at 9 parts ice-cold 

acetone:methanol to 1 part lysate. Proteins were precipitated by incubating at -20°C 

overnight. 

The precipitated proteins were centrifuged at 4000 x g for 10 minutes, and the pellet 

washed with ice-cold 80% acetone and left to air-dry. Pellets were then resuspended in 

denaturation buffer (6 M urea, 2 M thiourea in 10 mM Tris-HCl, pH 8.0). 

Protein was quantified using the Bio-Rad Bradford reagent assay (Bio-Rad, USA) [119]. 

Protein samples were mixed with Bradford reagent (Catalogue #5000006) in a 96-well plate 

and spectrophotometrically quantified at an absorbance of 595 nm using an iMarkTM 

Microplate Absorbance Reader (Bio-Rad, USA). Samples were prepared in duplicate, whilst 

the bovine serum albumin (BSA) standard curve was prepared in triplicate over a range of 0 

– 2 mg/ml. The resultant standard curve was used to calculate protein concentration in each 

sample (Appendix Section 8.1, Figure 8.1). 

2.2.2.2. Sample Digestion & Enrichment 

2.2.2.2.1. Tryptic Digest 

Phosphoproteomic analysis requires both phosphopeptide enrichment and a proteomic 

baseline, 500 µg of digest was used, and these samples were run on the QExactiveTM 

Orbitrap (Thermo ScientificTM, USA). Sciex TripleTOF 6600 (Sciex, USA) proteomic analysis 

used 5 µg total digest. 

Samples underwent trypsin digestion overnight at 37°C for optimal enzyme activity. 

However, denaturation buffer-suspended protein samples need to be prepared before the 

addition of trypsin. Briefly, reducing agent dithiothreitol (DTT) was added to a final 

concentration of 3 mM and incubated for 20 minutes at RT. Then alkylating agent 

iodoacetamide (IAA) was added to the samples at 15 mM and incubated in the dark for 20 

minutes at room temperature (RT) due to light sensitivity. Both steps facilitate linearizing 

protein for protease access in preparation of trypsin addition. Samples were then diluted 5x 
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using 50 mM ammonium bicarbonate to reach below 1 M urea and pH 8.0. Trypsin was 

added at a ratio of 1:100 µg protein and left overnight at 30°C. Digestion was halted with 

the addition of 0.5% formic acid (FA) acidifying the sample and inactivating trypsin. 

2.2.2.2.2. Phosphopeptide Enrichment 

Phosphopeptide enrichment is required since the phosphoproteome is significantly smaller 

than the unmodified proteome [114,115]. It is accepted that peptides with lower 

concentrations in a sample are less likely to be detected unless fractionation or enrichment 

takes place, this is also dependent on the detection limit of the mass spectrometer in use. 

To enrich phosphorylated peptides, the MagReSyn Ti-IMAC HP kit (ReSyn Biosciences, RSA) 

was used as per manufacturer’s instructions. 

Titanium ions (Ti4+) chelated to polymer microparticles bind phosphopeptides, and a 

magnetic separator is used to isolate the beads during wash and elution steps. Briefly, to 

equilibrate the beads, bead suspension was transferred to clean Eppendorf tubes and the 

shipping solution removed using a magnetic separator. Loading buffer (0.1 M glycolic acid in 

80% acetonitrile (ACN), 5% trifluoroacetic acid (TFA)), was then added to the beads for 

1 minute and the solution removed using the magnetic separator. Equilibration was 

performed in triplicate. 

Samples were desalted (Section 2.2.2.3.1) using 50 mg Sep-Pak cartridges (Waters Corp, 

USA) after digest and were resuspended in loading buffer. The samples were then 

centrifuged at 10 000 x g for 5 minutes to remove any insoluble materials and the resultant 

supernatant transferred into the Eppendorf tubes containing the equilibrated 

microparticles. To allow maximum interaction with the bead surface, the samples were 

gently agitated for 20 minutes at RT. Beads were lifted using the magnetic separator and the 

supernatant removed and kept separately as an unphosphorylated baseline sample. 

Unbound sample was washed from the beads using loading buffer and agitation for 

2 minutes before magnetic separation. Wash buffer 1 (80% ACN, 1% TFA) was then added to 

remove non-specifically bound peptides, followed by wash buffer 2 (10% ACN, 0.2% TFA) 

addition and removal using magnetic separation. 

In separately labelled LoBind® Eppendorf tubes, phosphopeptides were eluted for 

10 minutes and the magnetic beads separated before supernatant collected and transferred 
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to the clean tubes. This elution step was repeated to a total volume of 400 µl eluent. Elution 

buffer was composed of 1% ammonium hydroxide (NH4OH) and all LoBind® Eppendorf tubes 

contained 50 µl FA per 150 µl elution buffer. Samples were dried using a SpeedVac 

concentrator (Thermo ScientificTM, USA) overnight with no heat before desalting and drying 

the phosphopeptide samples for MS analysis as outlined in Section 2.2.2.3.1. 

Phosphopeptide and unmodified peptide background samples were run on the QExactiveTM 

Orbitrap (Thermo ScientificTM, USA). 

2.2.2.3. Desalting 

2.2.2.3.1. QExactiveTM Phosphoproteome 

Using stage tips or Sep-Pak columns prepared with C18 resin, phosphoproteomic samples 

were desalted twice. First before phosphopeptide enrichment and second in preparation for 

MS analysis. Briefly, the resin was activated with 100% methanol and centrifuged slowly at 

50 x g for 1 minute. Equilibration using 2% ACN, 0.1% FA solution was achieved by 

centrifuging the columns at 200 x g for 1 minute and discarding the flow-through. The 

acidified samples were then applied to the columns. The columns were slowly centrifuged at 

50 x g for 5 minutes to allow the proteins to bind the resin. Columns were then washed with 

2% ACN, 0.1% FA for 1 minute at 200 x g. Before elution, the stage tip columns were moved 

to a separate Eppendorf tube with a glass insert inside. Peptides could then be eluted using 

60% ACN, 0.1% FA and centrifuged slowly at 50 x g until dry, approximately 5 minutes. 

Eluted peptides were dried overnight in a SpeedVac concentrator with no heat. 

2.2.2.3.2. Triple-TOF Proteome 

Triple-TOF (TTOF) proteomic analysis uses EvoTips (Evosep Biosystems, Denmark), 

disposable C18 trap columns for offline desalting and elution of peptides directly into the 

LC-coupled mass spectrometer. Briefly, 1 µg of acidified peptides was loaded onto EvoTips 

as per manufacturer’s instructions. Tips were rinsed using solvent B (ACN, 0.1% FA) and 

centrifuged at 800 x g, 1 minute then conditioned by soaking with propanol until tips were 

pale white. Solvent A (2% ACN, 0.1% FA) was transferred to each tip and centrifuged at 

800 x g, 1 minute to equilibrate after which samples were loaded and centrifuged once 

more. Columns were washed with solvent A and centrifuged again. The prepared tips were 

preserved by the addition of 100 µl of solvent A and centrifugation (800 x g, 10 seconds) 

prior to MS analysis. 
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2.2.3. Mass Spectrometry 

2.2.3.1. Phosphoproteome as through QExactiveTM MS 

Eluted, dried peptides and phosphopeptides were resuspended in 2% ACN, 0.1% FA. 

Proteomic samples were resuspended at 1 µg/µl. Phosphopeptide samples were 

resuspended in 8 µl of 2% ACN, 0.1% FA. Peptide samples were transferred to labelled 

autosampler glass vials and run on the QExactiveTM Orbitrap (QE) mass spectrometer 

coupled to a Dionex Ultimate 3500 RSLC nano LC system, via the Blackburn proteomics 

laboratory (IDM, University of Cape Town, RSA). Digests were loaded on a 20 cm C18 

analytical column packed in-house with 1.9 μm, C18 reprosilbeads (Dr Maisch, Germany). 

Elution was performed using a curved gradient of 10 – 25% ACN and 0.1% FA at a constant 

flow rate of 300 nl/min over 70 minutes. Data acquisition was through Xcalibur software 

(Thermo scientific, version 4.1.31.9) in positive ion mode. MS1 scans were performed at a 

resolution of 70000 from 300 – 1700 m/z with an automatic gain control (AGC) target of 

3 x e10 in 50 ms. MS2 scans were performed at a resolution of 15000 with an AGC target of 

3 x e5 in 100 ms using a top9 scheme. 

2.2.3.2. Proteome as through Triple-TOF SWATH-MS 

Liquid chromatography was performed on an Evosep One LC coupled to a Sciex TripleTOF 

6600 courtesy of the Blackburn proteomics laboratory. Peptides were separated using the 

pre-programmed 40 sample per day (SPD) method at a column temperature of 40 °C using 

the recommended 15 cm, 75 µm column packed with 1.9 µm solid core beads. LC solvent 

buffer A (2% ACN and 0.1% FA) and buffer B (ACN and 0.1% FA) were used. The OptiFlow 

source was used with the nanoprobe set to 250oC and a 3000 V spray voltage. 

The Sciex 6600 was operated in positive mode using SWATH acquisition comprising a 

variable window scheme with 120 windows or minimum 3 m/z and 1 m/z overlap. The MS1 

and MS2 fill time was set to 250 ms and 15 ms respectively giving an approximately 2 second 

cycle time. 
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2.2.4. Data Processing & Analysis 

2.2.4.1. Data Processing 

2.2.4.1.1. QExactiveTM Phosphoproteome 

Raw data was processed through MaxQuant (version 2.1.0.0) [121–123] to identify and 

quantify peptide intensities across both the proteome baseline and phosphoproteome using 

the Andromeda search engine [123] and murine UniProtKB database. Default label-free 

settings were used with variable modifications of oxidation and phosphorylation (STY) 

selected. A false discovery rate (FDR) of 1% against a reverse decoy database and 2 missed 

cleavages was allowed. 

2.2.4.1.2. Triple-TOF Proteome 

Using data independent acquisition neural network (DIA-NN) software (version 1.8.1) 

[111,124], raw data was processed to identify and normalise label-free quantification values 

matching against a pre-generated UniProtKB mouse proteome spectral library. The 

following settings were used as part of the database search: 1 missed cleavage, peptide 

lengths of 7-30 amino acids and a mass range of 300 – 1150 m/z with cysteine as a variable 

modification. 

2.2.4.1.3. Data Clean-up & Statistical Analysis 

The resultant phosphoproteomic proteinGroups and STY output tables, and proteomic DIA-

NN protein/gene matrices were filtered to remove contaminants and reverse/site only hits. 

Identified phosphoprotein intensities were normalised against their corresponding 

unmodified protein intensities measured by the QExactiveTM Orbitrap. Quantification data 

was log2 transformed. 

Exploratory data analysis and quality checks involving Pearson correlation, protein 

identification visualization and hierarchical clustering were performed to identify outliers 

using Perseus (version 2.0.7.0) and DIA-NN [111,124]. If well correlated and clustered 

together, samples were allowed to proceed to further analysis. Values were considered 

valid if two of three replicates were present in any group to account for the overexpression 

conditions in the ACE 10/10 murine macrophages. A Student’s two sample t-test was 

applied to identify differentially expressed proteins between conditions, taking a 

p-value ≤ 0.05 as statistically significant. 
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2.2.4.1.4. Functional Enrichment & Network Analysis 

Search tool for the retrieval of interacting genes/proteins (STRING) within Cytoscape 

(version 3.9.1) [125,126] for network analysis was used amongst those significant 

differentially expressed proteins. Interaction confidence was set to high (0.7) to account for 

legibility. Line thickness indicates confidence score of the interaction. The log2(fold-change) 

or log2FC was continuously mapped to the proteins, blue representing down-regulation and 

orange representing up-regulation. The shade was attributed to the fold change level where 

darker indicated a larger fold change. 

Following network generation, functional enrichment analysis was performed by Biological 

Networks Gene Ontology tool (BiNGO) [127] within Cytoscape [126]. Gene Ontology (GO) 

term enrichment for both molecular function and biological processes using a 

hypergeometric test with Benjamini-Hochberg FDR correction identified significantly 

overrepresented proteins (p ≤ 0.05). Modified proteins were compared against the full 

phosphoproteome STY list to identify enriched kinases in PhosphoSitePlus [128]. Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) pathway analysis was included in proteomic 

functional enrichment analysis [129,130]. Reactome was also utilized for those pathways 

existing in both mice and humans [131]. 

2.3. Results 

2.3.1. Identified Proteins & Phosphoproteins 

Identification using MaxQuant and DIA-NN was mapped against the mouse UniProtKB 

database. A total of 3378 TTOF protein and 4325 QE phosphoprotein groups were identified 

across all samples (FDR < 0.01). Upon valid value filtering, keeping those appearing within 2 

of 3 replicates in any group (i.e., ACE 10/10, WT TPM, ACE 10/10 + Lis-Trp and WT TPM + Lis-

Trp), 3332 protein and 1044 phosphoprotein groups remained (Figure 2.5A & B). Since 

multiple phosphorylation sites can exist per protein, a total of 1196 phosphosites were 

identified for the 1044 valid phosphoproteins. The removal of potential contaminants, site 

only, and reverse hit identifications did not significantly impact the data resulting in a loss of 

15 and 60 identifications in the proteome and phosphoproteome, respectively. 
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Figure 2.5: Data were processed in Perseus to remove false hits and contaminants. Valid values were 

selected for by filtering 2 of 3 replicates in any experimental condition having an intensity value. This is 

inclusive of both the (A) TTOF proteomic and (B) QE phosphoproteomic mouse data after normalisation. 

2.3.2. Mouse Proteome & Phosphoproteome Quality Checks & Quantification 

Phosphoproteins were normalised against their corresponding unmodified QE protein group 

intensity values before analysis. To ensure perceived differences in protein expression 

between ACE 10/10 and WT TPM macrophages were reproducible, the Pearson’s co-

efficient was determined for group comparisons (Figure 2.6). Overall, a strong correlation 

between ACE 10/10 and WT murine macrophages was observed across the proteome 

(0.9 - 0.99) and phosphoproteome (0.7 - 0.94). Despite fewer phosphoprotein identifications 

and a Pearson’s co-efficient ranging from 0.3 - 0.8 for ACE 10/10 Lis-Trp-treated 

macrophages, the group was maintained for analysis (Figure 2.6B & Appendix Section 8.2, 

Figure 8.2). The low number of phosphoproteins identified in ACE 10/10 Lis-Trp-treated 

macrophages may be a biological effect of inhibitor treatment. In addition, some samples 
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had missing data, as evidenced in hierarchical clustering suggesting some column traps did 

not bind or elute sample and could not be repeated due to time, cost and sample 

constraints. Two TTOF proteome and one QE phosphoproteome sample(s) were thus 

excluded from further analysis, totalling 10 and 11 samples in each dataset, respectively 

(Appendix Section 8.2, Figure 8.2). 

 

Figure 2.6: Pearson correlations between ACE 10/10 and WT TPM replicate samples. (A) TTOF proteome and 

(B) the QE phosphoproteome. 

2.3.3. The Effect of ACE Overexpression on the Murine Macrophage Proteome  

ACE 10/10 macrophages express 16- to 25-fold more ACE than WT macrophages [1,5,6]. 

After TTOF data clean-up, ACE was detected in only ACE 10/10 samples whilst absent in WT 

TPM suggesting that it may be below detection in WT samples and evidencing higher 

expression in ACE 10/10 macrophages. 

A Student’s t-test identified 270 differentially expressed proteins (p-value ≤ 0.05) across ACE 

10/10 and WT TPM proteomes, comprising 118 up-regulated and 152 down-regulated 

proteins (Figure 2.7A). After Lis-Trp treatment, ACE 10/10 and WT TPM macrophages 

showed similar proportions of differentially expressed proteins (Figure 2.7B & C); however, 
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the top 20 differentially expressed proteins were different between treated and untreated 

macrophages. 

 

Figure 2.7: Volcano plots comparing differentially expressed (DE) proteins of murine macrophages. Down-

regulated proteins are indicated as light blue while up-regulated proteins are indicated in orange. The top 20 

differentially regulated proteins are labelled for each comparison. (A) DE ACE 10/10 model proteins in relation 

to WT TPM control (n = 270). (B) DE proteins of ACE 10/10 Lis-Trp-treated macrophages against ACE 10/10 

control (n = 177). (C) DE proteins of WT Lis-Trp-treated macrophages against WT TPM control (n = 190). 

Analysis using Student’s two sample t-test to infer significant differential expression at p ≤ 0.05. Abbreviations: 

ACE 10/10 – ACE overexpressing murine macrophage, WT TPM – wild type tumour-bearing peritoneal 

macrophage, Lis-Trp – lisinopril-tryptophan and FC – fold change. 

2.3.4. The Effect of ACE Overexpression & Inhibition on the Murine Macrophage 

Phosphoproteome 

Differential expression is apparent between the ACE 10/10 and WT TPM phosphoproteome 

(Figure 2.8A). ACE overexpression results in a significant down-regulation (n = 31) of 

phosphoproteins in comparison to WT murine macrophages, with only one up-regulated 
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phosphorylated protein (Stx7, an early endosome trafficking protein). Furthermore, protein 

kinase N1 (Pkn1) and phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1 

(Inpp5d/SHIP) were down-regulated in ACE 10/10 macrophages. Inpp5d has phosphatase 

activity and regulates aspects of myeloid cell recruitment, inflammation, cytoskeletal 

rearrangement, glucose, and lipid metabolism whilst Pkn1 often mediates cell signalling in 

apoptosis, cytoskeletal rearrangement, and inflammation. Interestingly, a similar response 

for both Inpp5d and Pkn1 with both ACE overexpression and WT Lis-Trp treatment is 

observed. However, Inpp5d was phosphorylated at S972 (Figure 2.8A), and S246, S972 and 

Y1021 (Figure 2.8C) whilst Pkn1 was phosphorylated at T778 (Figure 2.8A) and S920 (Figure 

2.8C). Variable phosphorylation sites may offer an explanation to the altered myeloid 

immune functions regarding this inflammatory mediating phosphatase and kinase with 

respects to ACE overexpression. PhosphoSitePlus identified protein kinase A (PKA) 

substrates within the dataset, including Inpp5d and several mitogen-activated protein 

kinase 1 (MAPK1/ERK2;p38) substrates (Appendix Section 8.2, Table 8.1). 

ACE C-domain inhibition in both ACE 10/10 and WT TPM cells was able to significantly 

impact phosphoprotein expression. Figure 2.8C shows that 24-hour long Lis-Trp treatment 

in WT TPM cells resulted in down-regulation of phosphoproteins, with only two up-

regulated phosphorylated proteins (Hnrnpa1 and Hcfc1) detected. In contrast, Lis-Trp-

treated ACE 10/10 cells had 25 up-regulated phosphoproteins (Figure 2.8B). Hnrnpa1 acts as 

a transporter protein for polyadenylated mRNA molecules across the nuclear membrane 

into the cytoplasm. It also modulates splice site selection, likely impacting translation, and 

transcription regulation in the WT Lis-Trp-treated group (Figure 2.8C). Increased significant 

phosphoproteins in Lis-Trp-treated ACE 10/10 macrophages (Figure 2.8B) had functions 

related to cell structural stability, cell migration and genome organization. Furthermore, 

phosphorylated Mdh1 (cytoplasmic malate dehydrogenase) was differentially expressed in 

Lis-Trp-treated ACE 10/10 macrophages, while its substrate, malic acid, was previously 

found to be increased in untreated ACE 10/10 macrophages [100]. Further work into altered 

phosphorylation and signalling of ACE 10/10 macrophages is required as many ACE-

mediated immune functions are unknown or poorly understood. 



 

47 
 

 

Figure 2.8: Volcano plots comparing differentially expressed (DE) phosphoproteins/phospho-sites (p-sites) of 

murine macrophages. The top 10 significantly expressed phosphoproteins including those with multiple 

phosphorylation sites are labelled, down-regulated phosphoproteins are light blue and up-regulated 

phosphoproteins are orange. (A) The DE phosphoproteins between ACE 10/10 macrophages and WT TPM 

(n = 33). (B) Differential p-sites between ACE 10/10 Lis-Trp-treated macrophages and ACE 10/10 control 

(n = 25). (C) DE of WT Lis-Trp-treated macrophages analysed against WT TPM control (n = 53). Analysis using 

Student’s two sample t-test to infer significant differential expression at p ≤ 0.05. Abbreviations: ACE 10/10 – 

ACE overexpressing murine macrophage, WT TPM – wild type tumour-bearing peritoneal macrophage, Lis-Trp 

– Lisinopril-tryptophan and FC – fold change. 

2.3.5. Network Signalling in the ACE 10/10 Macrophage Proteome 

Network and functional cluster analysis revealed several enriched processes highlighting 

diverse roles for ACE. Several lipid transport and lipid droplet or oxidation proteins are 

enriched within the ACE 10/10 model potentially suggesting a novel metabolic and 

potentially mechanistic factor for ACE involvement in immunity. Figure 2.9 shows a complex 
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interaction network with clusters highlighting RNA metabolism, TCA intermediates and their 

respective enzymes such as mitochondrial malate dehydrogenase (Mdh2).  

 

Figure 2.9: STRING interaction network between differentially expressed proteins of ACE 10/10 and WT 

macrophage controls. Set to 0.7 confidence score, line thickness set as confidence score. Orange nodes are 

up-regulated proteins and blue nodes are down-regulated proteins. Red circles are clusters of interest. 
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The clusters in Figure 2.9 with high evidence for interactions, contain several components 

involved in proteasomal degradation and ribosomal assembly. Importantly, the NF-κB 

transcription factor (Nfkb2) is present indicating some regulatory control over proteasome 

and ribosome assembly, which is likely influenced by pro-inflammatory responses of ACE 

10/10 macrophages. Figure 2.10B highlights a smaller TCA and ETC-linked cluster where ATP 

synthase (Atp5a1 and Atp5l) is up-regulated in ACE 10/10 macrophages alongside Mdh2 and 

Me2 (malic acid enzyme). However, this cluster does not clearly indicate ETC and TCA up-

regulation in ACE 10/10 macrophages, as some components of the respiratory chain were 

up-regulated (Cox7c and Ndufs3) whilst others were down-regulated (Cox6c, Ndufa9 and 

Uqcrh). Both clusters also have immune links, particularly due to the presence of Stat1, 

Stat2, Isg15, Ifitm3, Pkg1 and Ifi47 as members of interferon-activated inflammatory 

responses. 

 

Figure 2.10: Enlarged protein clusters present in ACE 10/10 macrophages. (A) Proteasomal and ribosomal 

component clusters and (B) TCA, ATP synthase and respiratory chain cluster. Orange nodes are up-regulated 

proteins and blue nodes are down-regulated proteins compared to WT macrophages. 

2.3.5.1. Functional GO Term Enrichment Analysis in ACE 10/10 Macrophages 

Biological process functional enrichment between ACE 10/10 and WT TPM macrophages 

was broad. Importantly, several glycolysis- and immune-related proteins within these 

functionally enriched clusters were up-regulated in support of previously published data on 

the ACE 10/10 murine model. Overarching enriched terms such as lipid metabolic processes 

(GO:0006629), NADP metabolism (GO:0006739), RNA-metabolism (GO:0016070) and actin 
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cytoskeleton organisation (GO:0030036) are roles that have not yet been explored in ACE 

10/10 macrophages (Figure 2.11). The presence of Inpp5d/SHIP and Pkn1 within the 

phosphoproteomic data can also be linked to the actin cytoskeletal enrichment of ACE 

10/10 macrophages. Interestingly, KEGG analysis highlighted lipid metabolism mediator 

peroxisome proliferator-activated receptor (PPAR) signalling (mmu03320) enrichment and 

had down-regulation of the following participating proteins: Cd36, Lpl, Acsl4 and Acsl5. 

 

Figure 2.11: Biological process GO term enrichment analysis of ACE 10/10 macrophages. Dashed line 

indicates significance threshold where p ≤ 0.05. The number of proteins identified in each functional cluster is 

shown. 

In unstimulated ACE 10/10 macrophages, using STRING and functional enrichment analysis, 

it can be concluded that ACE overexpression regulates immune-related processes such as 

antigen processing and presentation, and leukocyte activation and migration. Their 

immunoreactive state, practicing sophisticated regulation and conservation of energy pools. 
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2.3.6. Network & Functional Enrichment of ACE C-domain inhibition on ACE 10/10 

Macrophages  

After 24-hours of ACE inhibitor (Lis-Trp) treatment, ACE 10/10 macrophages had reduced 

proteasomal complex and mitochondrial respiratory chain expression, particularly NADH 

dehydrogenase proteins. These interactors were thus significantly affected by ACE C-domain 

inhibition (Figure 2.12 &Figure 2.13). 

 

Figure 2.12: Network generated from ACE 10/10 and ACE 10/10 Lis-Trp treatment comparison. The 

interaction network was generated with a confidence score of 0.7. Orange nodes are up-regulated proteins 

and blue nodes are down-regulated proteins. The two circled areas show functional clusters. 
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Figure 2.13: Enlarged functional clusters in Lis-Trp-treated ACE 10/10 macrophages. (A) Cluster of mainly 

respiratory and energy producing protein components. (B) The proteasomal cluster. Confidence score is at 0.7 

and proteins are coloured according to expression levels as up-regulated (orange) and down-regulated (blue) 

with reference to control ACE 10/10 macrophages. 

ACE C-domain inhibition in ACE overexpressing macrophages resulted in cellular respiration 

and glycolysis (GO:0006096), non-oxidative shunts (GO:0009052) and aerobic respiration 

(GO:0009060) enrichment (Figure 2.14). Once more, actin cytoskeletal organisation, lipid 

metabolism and RNA metabolism enrichment was present, and the proteins in these 

biological pathways were largely down-regulated following Lis-Trp treatment. The TCA cycle 

and intermediate component metabolism for oxaloacetate, succinate and malate were also 

functionally enriched but were significantly down-regulated in comparison to untreated ACE 

10/10 macrophages. 

     

     

    

     

       

   

    

      

     

        

    

       

    

    

      

    

      

    

      

    

    

     

   

    

     

    

     

      

       

      

     

      

    

    

    

     

     

    

    

    

    

     

     

       

   

    

    

   

     

      

     

     

      

    

    

       

      

    

      

     

     

    

      

       

     

    

    

      

     

   

     

     

      

    

   

      

      

    

     

    

     

     

      

    

     

      

     

    

    

   

     

      

      

    

      

     

      

       

    

      

       

     

     

    

     

       

   

    

      

     

        

    

       

    

    

      

    

      

    

      

    

    

     

   

    

     

    

     

      

       

      

     

      

    

    

    

     

     

    

    

    

    

     

     

       

   

    

    

   

     

      

     

     

      

    

    

       

      

    

      

     

     

    

      

       

     

    

    

      

     

   

     

     

      

    

   

      

      

    

     

    

     

     

      

    

     

      

     

    

    

   

     

      

      

    

      

     

      

       

    

      

       

  



 

53 
 

 

Figure 2.14: ACE C-domain inhibition by Lis-Trp impacts several ACE 10/10 macrophage biological processes. 

Dashed line indicates significance threshold with p-value ≤ 0.05, proteins present in each cluster are indicated. 

2.3.7. Network & Functional Enrichment Analysis of Lis-Trp-treated WT Murine 

Macrophages 

A network of the significantly dysregulated proteins between control WT TPMs and Lis-Trp-

treated TPMs has a notable increase in ribosomal component expression with Lis-Trp 

treatment (Figure 2.15). ATP synthase proteins were elevated in control ACE 10/10 

macrophages in comparison to WT, but ATP synthase components were down-regulated in 

Lis-Trp-treated ACE 10/10 macrophages and Lis-Trp-treated WT macrophages (Figure 2.9 

&Figure 2.13). Importantly, Lis-Trp treatment also decreased the expression of Golgi-ER and 

vesicle trafficking proteins. 
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Figure 2.15: Network analysis of dysregulated proteins between Lis-Trp WT TPMs and control WT TPMs. 

Confidence score of 0.7. Blue nodes are down-regulated, and orange nodes are up-regulated proteins in 

Lis-Trp WT TPMs. 

WT Lis-Trp treatment had PPAR signalling enrichment in contrast to Lis-Trp-treated ACE 

10/10 macrophages. ACE C-domain inhibition in WT macrophages had overrepresented and 

up-regulated ribosomal and RNA modification networks (Figure 2.15 &Figure 2.16). Lis-Trp 

treatment had only negative actin cytoskeleton regulation functional enrichment, 

suggesting decreased cell movement and phagocytic abilities in WT macrophages after ACE 

C-domain inhibition. 

Noting significantly dysregulated Pkn1 and Inpp5d/SHIP with Lis-Trp treatment of WT 

macrophages, ACE C-domain inhibition likely disrupts several signalling pathways and affects 

protein synthesis or trafficking through its influence on cytoskeletal-, phosphorylation- and 

RNA-associated functions. The altered phosphorylation and activity of these kinases and 

phosphatases also influences immune regulation particularly as SHIP negatively mediates 
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inflammation and inhibits myeloid cell recruitment that is activated by ACE. ACE 10/10 and 

WT macrophages may experience immune disruption with Lis-Trp treatment, as the IL-12 

and IL-1 cytokine activation pathways were overrepresented in the inhibitor-treated lysates 

with down-regulation of the identified proteins. 

 

Figure 2.16: Functionally enriched GO biological processes in WT macrophages with ACE C-domain 

inhibition. Dashed line indicates significance threshold of p ≤ 0.05. The number of proteins in each cluster is 

shown. 

2.4.  Discussion 

In this study, MS-based global discovery analysis of the basal murine ACE 10/10 macrophage 

proteome and phosphoproteome was used to identify a wider range of pathways and 

proteins regulated by ACE overexpression. The impact of ACE C-domain inhibition was also 

assessed. Enrichment of lipid metabolism was observed, including transport, catabolism, 

storage, and oxidation processes that have not yet been studied in the context of 

macrophage ACE overexpression. Importantly, the study also confirmed the presence of 
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significantly expressed ATP synthase, TCA enzymes, and antigen processing and 

presentation proteins as previously identified in ACE 10/10 macrophages through targeted 

MS and in vivo and in vitro assays [15,100,132]. ACE inhibition down-regulated, and thus 

likely disrupted, several immune-related pathways but increased the levels of ribosomal 

proteins. Within the phosphoproteome, proinflammatory ERK2/MAPK1 and PKA substrates 

were significantly enriched whilst the phosphatase, Inpp5d/SHIP, and kinase Pkn1 were 

significantly down-regulated with both ACE overexpression and Lis-Trp treatment of WT 

macrophages. 

ACE overexpression is beneficial in immune-challenged murine macrophages, which remain 

under strict immunological control. However, certain functions and pathways are more 

active in basal ACE 10/10 macrophages [6,100]. At baseline, unstimulated ACE 10/10 

macrophages may have a proteome that resembles a primed immune phenotype, which is 

ready to respond accordingly when required. 

ACE 10/10 macrophages had a distinctive differential proteome and phosphoproteome to 

WT murine macrophages. In support of Cao et al. [100], the ATP synthase complex proteins 

Atp5a1 and Atp5l were significantly up-regulated in ACE 10/10 macrophages as well as TCA-

related proteins Suclg2 and Mdh2. The resulting increase in the production of ATP and TCA 

intermediates after stimulation provides energy and potential antimicrobial building blocks 

for the enhanced immune phenotype [64,92]. In the present study, several other 

significantly expressed proteins of interest were identified including the transcription factors 

NF-κB, Stat1 and Stat2, which were up-regulated in ACE 10/10 macrophages when 

compared to their WT counterparts. The classical M1 macrophage phenotype has greater 

NF-κB and Stat1/Stat2 activation regulating pro-inflammatory pathway expression, and this 

can be confirmed via in depth phosphoproteomic and western blot analysis. Both increased 

NF-κB and Stat1 activation are thought to act in ACE overexpression by driving the M1 

phenotype after melanoma stimulation [6,133]. These transcription factors are likely related 

to the observed enriched interferon (GO:0060338) and integrin-mediated pathways 

(GO:0007229) which favour glycolysis and inflammatory responses [134]. Previously 

observed processes, including antigen presentation (GO:0019882), ROS metabolism 

(GO:0006800), phagocytosis (GO:0006909), NADH metabolism (GO:0006739) and glucose 

metabolic processes (GO:0006006) were overrepresented in ACE 10/10 macrophages. From 
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these MS results, ACE overexpression appears to strongly dysregulate multiple immune-

related pathways and has increased ATP synthase and ribosomal expression for improved 

protein synthesis, MHC processing via proteasomal degradation and MHC Class I antigen 

presentation. Furthermore, actin cytoskeletal organization (GO:0030036) is under 

sophisticated control in relation to cell migration and movement, and the observed down-

regulation of several actin and tubulin protein components suggests that ACE 10/10 

peritoneal macrophages require stimulation before enhanced phagocytic and leukocyte 

migration is available [5,100].  

Additionally, lipid transport (GO:0006869) and metabolism (GO:0006629), specifically the 

acetyl-CoA oxidative branch (GO:0033539) are influenced by ACE overexpression as 

evidenced by their functional enrichment. Acads & Acadm, fatty acid oxidation proteins, 

were elevated in the ACE 10/10 macrophages compared to in WT macrophages and may 

potentiate macrophage differentiation and specialization in murine and human 

macrophages [135]. M1 macrophages require lipid and acetyl-CoA synthesis as precursors of 

inflammatory molecules and for inflammasome activation, whilst M2 macrophages favour 

fatty acid oxidation as a means of activating anti-inflammatory responses to down-regulate 

NO and ROS production [136–138]. However, several studies have countered that 

macrophage polarization is dually regulated by lipids, where both M1 and M2 macrophages 

require both glycolysis and fatty acid oxidation to function properly [138]. In bone marrow-

derived macrophages (BMDMs), Huang et al. stunted M2 marker expression via glycolytic 

inhibition. External fatty acid sources were ignored in favour of glucose when present in the 

culture medium [139,140]. Furthermore, NLRP3 inflammasome activation, an M1-defined 

property, requires fatty acid oxidation via CPT1 and ROS generation [138,141]. ACE 

overexpression may be utilizing mixed lipid metabolism, mediated by PPAR. PPAR strongly 

regulates both inflammatory macrophage responses and lipid metabolism [142–144]. 

Additionally, ACE 10/10 macrophages may increase ATP synthesis to maintain their TCA 

cycle components for acetyl-CoA production, where fatty acids are precursors of 

inflammatory mediators when activated or protectors of the resting state and their 

oxidation will reduce inflammatory molecules [135,136,138–141]. 

In the phosphoproteome, ACE 10/10 macrophages and WT macrophages appear to differ 

mostly through MAPK1/ERK2 phosphorylation sites across multiple proteins. Ang II mediates 
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dendritic cell maturation via the NF-κB and ERK1/ERK2 signalling pathways and induces ACE 

up-regulation and ACE2 down-regulation through MAPK/ERK signalling [145–148], but 

current ACE 10/10 studies have not identified participating kinase(s) in the enhanced 

phenotype. Since ERK2/MAPK1 and PKA targets were identified in the differentially 

expressed phosphoproteome of ACE 10/10 macrophages, it follows that targeting these 

kinases could result in reduced immunity to certain challenges, but these may be Ang II-

dependent signalling. This is particularly important for the MAPK/ERK pathways which 

regulate pro-inflammatory activation in macrophages [149,150]. ERK2 may favour activation 

over inhibition, based on the up-regulation of pro-inflammatory transcription factors and 

innate immunity proteins [133,149]. PKA is also associated with positive regulation of 

macrophage differentiation and activation and acts by direct activation of the ERK1/ERK2 

signalling cascade [151].  

ACE overexpression had reduced phosphoproteins in comparison to WT macrophages apart 

from Stx7, an endosomal trafficking protein. The down-regulated phosphatase, Inpp5d and 

kinase Pkn1 in ACE 10/10 macrophages fall under cytoskeletal rearrangement in agreement 

with the ACE 10/10 proteome where cytoskeletal organization is negatively regulated but 

also negatively modulate inflammatory responses as part of the PI3K signalling pathway. For 

instance, Inpp5d prevents myeloid cell recruitment in contrast to ACE which activates this 

process [152,153]. Inpp5d phosphorylation of S440 by PKA increases its activity [154] whilst 

ACE inhibition may promote the immunosuppressive function of Inpp5d tyrosine 

phosphorylation and its association with the Shc adaptor protein as evidenced by the Y1021 

phosphosite in Lis-Trp-treated WT macrophages which also promotes its proteasomal 

degradation and reduces its expression [155,156]. Our data did not identify the S440 

phosphosite in ACE 10/10 and WT macrophages. The S246 Inpp5d phosphosite in WT 

macrophages and S972 identified in both ACE 10/10 and WT macrophages does not have 

functional changes associated with it, however Ser/Thr SHIP phosphorylation does control 

its targeting and is correlated to B cell receptor signalling which could be enhanced with ACE 

up-regulation [157–159]. Pkn1 is a fatty acid and phospholipid-activated kinase in the Rho 

GTPase family. It is highly expressed in lymphoid tissues and its absence results in 

spontaneous autoimmune-like conditions in mice. It is therefore vital to lymphocyte, 

including macrophage, trafficking, and its activation by the T778 and S920 phosphosites is 
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required [160]. These sites were identified in our dataset for Lis-Trp-treated WT 

macrophages and was lower in comparison to WT macrophages. Pkn1 may be less active 

with ACE inhibitor treatment resulting in dampened lymphocyte trafficking and macrophage 

adherence and recruitment. Only the T778 phosphosite was present in the ACE 10/10 

macrophage dataset and was also lower in comparison to WT macrophages, here Pkn1 is 

likely not fully active in ACE 10/10 macrophages. 

The combination of ACE overexpression and Lis-Trp inhibition resulted in a distinctive 

phosphoproteome with only up-regulated proteins. Prior investigations have identified a 

phosphorylation site, Ser1270 within the ACE cytoplasmic tail. This site is phosphorylated by 

serine kinase CK2 and ACE phosphorylation is doubled with ACE inhibitor interaction, also 

known to increase ACE expression [161–164]. ACE is therefore both directly and indirectly 

involved in the ACE signalling cascade associated with MAPK7, STAT activation and AP1 

transcription factor binding [29]. Unexpectedly, no CK2 enrichment or ACE Ser1270 

phosphorylation was present with ACE inhibitor treatment, but this pathway activation has 

only been recorded in endothelial and adipocyte cells and not immune cells [165,166]. The 

ACE 10/10 macrophage phosphoproteomic data in the present study suggests that there is 

increased phosphorylation signalling related to MAPK and PKA. However, PKA has not been 

known to interact with the ACE cytoplasmic tail despite the presence of a theoretical 

phosphorylation site and requires further study [162,163]. ACE phosphosite data such as 

Ser1270 may be in low abundance despite enrichment and targeted analysis could identify 

novel sites. 

The ACE 10/10 proteome was also significantly altered with Lis-Trp treatment. Previously, 

ACE C-domain inhibition or knockout in ACE overexpressing murine macrophages and 

neutrophils was associated with a reduction of ATP, TCA cycle intermediates and cytokines 

to WT levels [100,133,167]. In the present study, the TCA cycle (GO:0006099), glycolysis 

(GO:0006096), and the ETC (GO:0022900) were enriched in the ACE 10/10 proteome under 

Lis-Trp treatment, with significant down-regulation in these pathways in comparison to 

untreated ACE 10/10 macrophages. These results support an active C-domain requirement 

for the enhanced immune phenotype associated with ACE overexpression in mice and 

suggest that a 50 µM Lis-Trp treatment was sufficient to disrupt this [5,99,100,133]. In WT 

macrophages, the proteomic changes were lower in magnitude with different functional 
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enrichment to those of ACE 10/10 macrophages. However, as with ACE 10/10 macrophages, 

C-domain inhibition also caused down-regulation of Atp5b and Atp5d (ATP synthase 

complex V), which supports a decrease in ATP production. With Lis-Trp treatment, WT 

macrophages up-regulated their ribosomal and RNA metabolic proteins (GO:0016070) and 

phosphorylation (GO:0016310) indicating altered spliceosome and PTM patterns. Reactome 

pathway analysis provides an interesting hypothesis for ACE C-domain inhibition and 

ribosomal component up-regulation in WT macrophages. The overrepresentation of L13a-

mediated translational silencing (Reactome: MMU-156827) is a pathway identified in 

humans and mice that is highlighted during inflammatory regulation [168,169]. In 

atherosclerosis, L13a deficiency results in aggravating sclerotic plaque generation and 

worsens symptoms [170,171]. Thus, in WT macrophages the translational control exerted by 

L13a may be reducing inflammation and preventing cytokine production during ACE 

C-domain inhibition, thus providing some protection in autoimmunity and risk in healthy 

individuals [170]. However, the role ACE inhibition plays in downstream signal cascades is 

poorly understood, and the changes presented here require further exploration [5,163]. 

Previous publications have identified several ETC and TCA proteins that were absent from 

the current dataset. Their absence suggests that a deeper compartmental discovery 

proteomic approach is needed [5,57,100,153,172]. To remedy this, lysates could be 

fractionated into nucleus, mitochondrial and cytoplasmic portions. Taking one step further, 

macrophage populations are heterogeneous in the absence of stimulation or polarizing 

cytokines and protein expression may not be the only mechanism by which ACE 

overexpression alters macrophage function. Therefore, single-cell proteomics could 

facilitate further understanding of ACE 10/10 macrophage specialization, and spatial 

proteomics would add to the 3D landscape of where proteins are localised, and their 

functional specialisation as has been previously investigated in THP-1 macrophages [173–

175]. Spatial analysis, i.e., identifying protein migration patterns, if any, in ACE 10/10 

macrophages may present a new component of the puzzle that is enhanced immunity from 

ACE overexpression [175]. This could also resolve the issue of poor protein overlap between 

conditions that was observed in the present study. Furthermore, the phosphoproteomic 

profile recovered represents long-term phosphorylation and does not reflect the dynamic 

changes that occur within minutes of treatment. To fully understand the phosphoproteome 
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and altered signalling cascades of Lis-Trp treatment, future experiments should focus on 

isolating an immediate snapshot within an hour of inhibitor addition to allow intracellular 

uptake.  

In summary, ACE C-domain inhibition decreased immune regulatory, ETC and ATP synthase-

related proteins, which could ultimately lead to a reduction in the pro-inflammatory 

immune responses in both WT and ACE 10/10 macrophages. Furthermore, WT macrophages 

appear to up-regulate translational silencing as an anti-inflammatory mechanism upon 

Lis-Trp treatment. Phosphoproteomic studies identified MAPK1 and PKA pathways, the 

phosphatase Inpp5d and Pkn1 kinase as proteins of interest in downstream signalling of the 

ACE 10/10 phenotype particularly as all practice some form of immune regulation. Mass 

spectrometric analysis of ACE overexpressing murine macrophages confirmed ATP synthase 

up-regulation suggesting subsequent ATP production and increased TCA cycle activity. 

Furthermore, innate immune pathways such as IFN and integrin-mediated cytokine 

expression were also up-regulated alongside MHC Class I production, stressing a basal M1-

leaning polarization. Of great interest is the observation that ACE overexpression also seems 

to have an impact on lipid metabolism, particularly fatty acid oxidation, which possibly 

provides ACE 10/10 macrophages with the necessary precursors for improved 

immunological ability when stimulated. With functional enrichment confirmation of these 

characteristics in the murine ACE 10/10 macrophages, investigating if human ACE 

overexpressing macrophages show similar properties is of interest. 
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3. Lisinopril-Tryptophan Uptake in Human THP-1 Monocyte/Macrophage-like Cells 

3.1.  Introduction 

Angiotensin converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs) 

are commonly prescribed to treat heart failure and cardiovascular disease. ACE is vital for 

maintaining sodium retention and blood pressure as part of the RAAS. Most ACE-related 

effects occur via Ang II and its interaction with AT1 and AT2. Ang II-AT1 causes 

vasoconstriction, increased blood pressure and increased sodium retention [59,176,177]. 

ACE inhibitors prevent this interaction and allow vasodilation to occur. However, current 

ACE inhibitors also inhibit bradykinin (BK) breakdown as they bind both ACE N- and 

C-domains. Bradykinin is a member of the Kallikrein-Kinin System (KKS) which exerts 

natriuretic control over the body [178]. When BK is metabolized by the ACE N-domain, it 

favours vasodilation through NO production and tubular effects. Therefore, when BK is not 

degraded by ACE, vasodilatory control is lost. The design of ACE inhibitors should therefore 

be targeted towards the C-domain for effective control of hypertension while preventing 

unwanted effects. 

Several domain-specific ACE inhibitors or dual ARB/ACEi and NEP inhibitor combination 

therapies are in development and undergoing safety trials [179–182]. A domain-specific ACE 

inhibitor of interest is lisinopril-tryptophan (Lis-Trp), a derivative of lisinopril designed to 

favour the C-domain of ACE over the N-domain (Figure 3.1).  
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Figure 3.1: Structural schematic of lisinopril and lisinopril-tryptophan. The indole group of Lis-Trp is thought 

to provide domain selectivity that lisinopril lacks. 

3.1.1.  Lisinopril versus Lisinopril-Tryptophan (Lis-Trp) 

In drug design, important aspects include safety, selectivity, and the associated 

pharmacokinetics. Although all ACEi are designed to target ACE, their pharmacokinetics and 

structures differ. Chemically, ACE inhibitors are 2-methylpropionyl-L-proline analogues that 

bind to the zinc moiety of ACE to exert their inhibitory function [183]. 

Lisinopril and Lis-Trp both share a carboxylate functional group for binding, but the addition 

of the tryptophan indole group in Lis-Trp adds domain specificity, allowing the N-domain to 

retain functionality [183,184]. Both inhibitors share a similar binding mode, however the P1’ 

and P2’ moieties interact co-operatively with the S1 and S2 binding pocket side chains 

allowing for closer interaction and domain specificity as seen with other C-domain selective 

inhibitors such as RXP380A [185]. Both are not prodrugs, and are thus minimally processed 

in the liver, if at all [186–188]. Domain specificity is observed with the different Ki constants 

shown in Table 3.1. 
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Table 3.1: Recorded inhibitory constants (Ki) of lisinopril and lisinopril-tryptophan using testis ACE (C-domain) 

and N-domain mutants. 

Domain Lisinopril Lisinopril-Tryptophan 

C (tACE) 1.2 nM 6.6 nM 

N 4.8 nM 1700 nM 

 

The domain specificity of Lis-Trp is important as Ang I is mainly cleaved by ACE C-domain 

whilst BK is cleaved by both domains and contributes to natriuresis and vasodilation. 

Lisinopril prevents BK metabolism, which in turn causes life-threatening angioedema and a 

chronic cough associated with ACE inhibitors. These side effects could be avoided by 

designing a C-domain selective inhibitor, such as Lis-Trp. 

3.1.2. Inhibitor Uptake in Immune Cells 

There is a lack of research on the bioavailability and uptake of ACE inhibitors in cells. 

Internal lisinopril concentrations have been measured in Caco-2 cells but ACEi are largely 

studied in the context of plasma or serum ACE [189]. Although ACE is mainly present in the 

serum or on endothelial surfaces, it is also intrinsically expressed throughout the body. 

Therefore, studying how much of these drugs or prodrugs enter other cell types is of 

interest and necessary for the ongoing safety monitoring of these medications [183,190]. 

As macrophages and other myeloid-derived cells modulate inflammation, understanding if 

blood pressure medication affects their activity is important [176,191]. The interaction 

between ACE inhibition and the immune system is presently unclear, but its impact on 

autoimmune conditions and infections has been outlined in multiple studies and 

reviews [56,82,192–194].  

3.1.3. Aims & Objectives  

In 2021, Cao et al. published a pilot study on humans and mice that identified ACEi as a 

potential risk in post-operative conditions where nosocomial infections are possible [99]. In 

neutrophils the common ACE inhibitor ramipril has no antimicrobial activity and could 

decrease extracellular and intracellular bactericidal metabolism in both mice and humans 
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after a one-week administration [99]. Although this previous study gave a recommended 

dosage for both ramipril and the ARB losartan (mice only), the intracellular concentration 

was not measured. The intracellular ACE activity and expression were also not measured 

within the neutrophils, and it would be interesting to determine if all or partial ACE activity 

is inhibited.  

This information will clarify whether it takes partial or total ACE inhibition to detrimentally 

impact the function of neutrophils and other immune cells during immune challenge. The 

aim of the present study was to confirm and quantify the intracellular uptake of Lis-Trp in 

human THP-1 monocyte/macrophage-like cells. 

3.1.3.1. Objectives 

• To confirm Lis-Trp entry into THP-1 macrophages using LC-MS/MS. 

• To ascertain the intracellular concentration of Lis-Trp in THP-1 macrophages using two 

different treatment quantities (10 µM and 100 µM) and LC-MS/MS. 

3.2. Methodology 

3.2.1. Cell Culture Conditions 

The human cell line THP-1 was used. Cells that had less than 20 passages were used to 

prevent genetic or phenotypic variation that could negatively affect results. 

The THP-1 cell line is derived from a year-old male suffering from acute monocytic 

leukaemia and by isolating monocytes from peripheral blood (TIB-202TM, ATCC). THP-1 

monocytes are a suspension cell line that requires high density and cell-to-cell contact to 

proliferate and differentiate into functional macrophages once treated with phorbol 12-

myristate-12-acetate (PMA). THP-1 monocytes are widely used in drug interaction and 

mechanistic studies of human macrophages, resembling peripherally derived macrophages 

in the human body under specific conditions [91,195–198]. 

3.2.1.1. THP-1 Monocyte Subculture 

An aliquot of THP-1 monocytes was thawed and centrifuged in 10 ml RPMI containing 

20% FBS for 5 minutes at 300 x g to remove the cryoprotectant, DMSO. The supernatant 

was discarded, and the cell pellet resuspended in 5 ml of RPMI 1640 supplemented with 

20% (v/v) FBS, 1% (v/v) penicillin/streptomycin antibiotic, 10 mM HEPES (4-(2-hydroxyethyl)-
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1-piperazineethanesulfonic acid) and 0.2 mM L-glutamine for the initial 24-hour incubation 

period. Once resuscitated, THP-1 cells were cultured in 5 ml of complete medium 

(RPMI 1640, 10% FBS, 0.2 mM L-glutamine, and 10 mM HEPES) at a high seeding density of 

between 5 x 105 and 1 x 106 cells/ml. If the density exceeded 1 x 106 cells/ml, the cells were 

split. The medium was changed every 2 - 3 days. Standard culturing conditions at 37°C and 

5% CO2 were used for all cultures in a humidified incubator to maintain a constant 

physiological pH of 7.2 - 7.5. 

3.2.1.2. THP-1 Differentiation into Macrophages 

To differentiate monocytes into macrophages, standard PMA (Sigma, USA) treatment was 

used. Cells were centrifuged (300 x g) and resuspended in RPMI (10% FBS) at 

2 x 105 - 1 x 106 cells/ml. Following this, 2 ml of cell suspension was transferred to each well 

in a six well culture plate or 10 ml was transferred into a 10 cm culture dish for Lis-Trp 

uptake analysis and ACE activity measurement, respectively. PMA (25 ng/ml) was added to 

differentiate monocytes into macrophages over 24 - 48 hours. Cells were then used for 

downstream experiments and treated as described in Section 3.2.2. 

3.2.2. Lisinopril-Tryptophan Treatment 

Following PMA differentiation, an adapted method of Chen et al. [199] was used for THP-1 

ACE inhibition, cell lysis, and inhibitor quantification. Adherent THP-1 macrophages were 

washed with cold 1x PBS three times before the addition of PMA-free 10% RPMI media. 

Each well received 2 ml of media and the plates were incubated for 24 hours to allow for 

cell recovery and for gene expression to be regulated free of PMA stimulation. 

3.2.2.1. Lis-Trp Uptake Time Point Assessment 

Intracellular inhibitor concentration differs from that in serum. Over time, intracellular 

concentration should increase and then decrease as excretion and cell metabolism 

continues. Three time points were recorded for the analysis of intracellular Lis-Trp uptake: 

zero-time, one hour, and two hours. Lis-Trp (2 mM stock) was added to each well in a 6-well 

plate at either 10 µM or 100 µM final concentration and left to incubate for the relevant 

time points before lysis. 
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3.2.2.2. Cell Lysis & Bulk Culture Collection 

Lysis was carried out on ice to minimize protease activity. Cells were washed with cold 1x 

PBS three times and 1 ml of 5 mM EDTA (ethylenediaminetetraacetic acid) was used to 

gently lift and lyse cells from the plate. After 15 minutes of incubation with EDTA, the 

remaining cells were scraped from the plate and the resulting cell lysate collected into 2 ml 

Eppendorf tubes on ice. These samples were then frozen and stored at -20°C until analysis. 

During EDTA incubation, a Trypan Blue cell count was performed within five minutes to 

quantify cell numbers and evaluate cell viability. A separate 15 µl cell lysate aliquot was 

collected for protein quantification as described in Section 2.2.2.1. 

As a background for protein complexity during analysis, a 50 ml bulk culture of THP-1 

macrophages was prepared at a density of 1 x 106 cells/ml. Cells were centrifuged at 300 x g 

and washed three times with cold 1xPBS. Gentle lysis in 50 ml of 5 mM EDTA was 

performed, and the lysate stored at -20°C. 

3.2.3. Mass Spectrometric Analysis of Intracellular Lisinopril-Tryptophan 

A schematic of the experimental design is shown in Figure 3.2. Separate plates were used 

for each time point and treatment concentration to minimize sample variance. Each 

experimental condition was cultured in triplicate, and each cell lysate was analysed in 

triplicate using an AB Sciex 5500 QTrap® mass spectrometer (H3D, UCT, South Africa). 

3.2.3.1. Sample Preparation & Extraction 

Lysed samples were stored at -20°C until analysis, whereupon samples were thawed at 

room temperature and vortexed to ensure homogeneity. ACN extraction was carried out 

using 100 µl cell lysate and 200 µl ice-cold ACN containing 5 nM Verapamil, as an internal 

standard. To a 96-well plate, each sample supernatant was added for LC-MS/MS analysis, 

including calibration and quality control standards. Standards consisted of bulk macrophage 

lysate spiked with Lis-Trp over a range of 1 - 3125 ng/ml. Standards were analysed together 

with samples after ACN extraction to create a standard curve. 

3.2.3.2. LC-MS/MS Analysis 

The Sciex 5500 QTrap® mass spectrometer was equipped with an ESI source in positive 

ionization mode and an Agilent 1290 Rapid Resolution HPLC. Multiple reaction monitoring 

(MRM) mode was used to measure transitions of the protonated molecular ion of Lis-Trp at 
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495 m/z and its product ions. Product ions for Lis-Trp were 84 m/z (quantifier) and 291 m/z 

(qualifier) whilst Verapamil transition was at 455>303 m/z. The HPLC separation was carried 

out on a Poroshell C18 (50 x 4.6 mm, 2.6 µm) column (Agilent, USA), with 0.1% FA as the 

aqueous mobile phase (A) and 0.1% FA in ACN as the organic mobile phase (B). Elution was 

achieved with a linear 10 – 100% solvent B gradient over 1.8 minutes at a flowrate of 

0.7 ml/min, starting 0.2 minutes after sample injection. The gradient was held at 100% B for 

one minute before re-equilibration of the column at 10% B for 2.9 minutes. A 6-minute 

needle wash was performed between each sample, consisting of water, ACN, methanol 

(MeOH) and isopropanol at a 30:30:30:10 ratio.  

 

Figure 3.2: A schematic showing the experimental design for determining the uptake of the Lis-Trp by THP-1 

macrophages using LC-MS. Each treatment and time point were performed in triplicate. 

3.2.4. ACE Activity 

ACE inhibition results in a decrease in catalytic ability and therefore a decrease in ACE 

activity. To quantify these changes, the enzymatic Z-phenylalanine-L-histidyl-L-leucine 

(ZFHL) (Bachem, Switzerland) assay was used. ZFHL yields an HL peptide upon cleavage and 
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forms a fluorescent adduct with o-phthaldialdehyde (Sigma, USA). The assay was conducted 

using the protocol of Schwager et al. [200]. Briefly, 5 µl of cell lysate was incubated in 30 µl 

of 2 mM ZFHL at 37°C for 15 minutes. The adduct was created by the addition of 0.28 M 

NaOH-7mM-o-pthaldialdehyde solution and incubated at room temperature for 10 minutes. 

The solution turned yellow when ZFHL was cleaved and an adduct was formed. The addition 

of 3 M hydrochloric acid halted the reaction, and fluorescence was measured using a 

λexcitation of 360 nm and λemission of 485 nm (Varian Cary Eclipse, Agilent, USA). To convert 

fluorescent units to milliunits (mU) ACE activity, an His-Leu (HL) (Sigma, USA) standard curve 

was generated. One unit of ACE activity is defined as 1 nmole of HL produced/minute/ml by 

ACE at 37°C (Appendix Section 8.3, Figure 8.3). 

3.2.5. Statistical Analysis 

Data analysis was carried out in Excel (version 2301, Microsoft, USA) and RStudio (version 

2022.12.0+353, RStudio, USA). ACE activity and protein quantification, in triplicate, were 

recorded as mean values and standard deviation (SD) as part of total cell lysate samples. Cell 

counts for Lis-Trp quantitation and protein quantitation were also performed and recorded 

in triplicate. Measured intracellular Lis-Trp concentrations were normalised against cell 

counts for each time point and treatment concentration, with outliers greater than 2xSD 

excluded. Lis-Trp concentrations were normalised to cell count, as cells may express 

different levels of protein and protein recovery is not 100%. 

3.3.  Results 

3.3.1. Intracellular Lis-Trp Quantification 

To determine the intracellular concentration of Lis-Trp, samples were analysed using HPLC 

and the Lis-Trp peak was observed at approximately 2.45 minutes. The internal standard, 

Verapamil, closely followed at 2.64 minutes. A representative chromatogram is shown in 

Figure 3.3, demonstrating clear resolution of the target and internal standard peaks, as well 

as low background levels. 
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Figure 3.3: A representative chromatogram for Lis-Trp (analyte) and Verapamil (internal standard). Lis-Trp 

eluted at 2.45 minutes, while Verapamil eluted at 2.64 minutes. Gradient separation was achieved using a C18 

column, 0.1% FA aqueous mobile phase (A) and 0.1% FA in ACN organic mobile phase (B) at a flow rate of 0.7 

ml/min. 

Cellular uptake was quantified in THP-1 macrophages (Figure 3.4). Peak intracellular Lis-Trp 

(0.036 µM, Figure 3.4A) was reached after one hour at 10 µM treatment, whereas 100 µM 

Lis-Trp treatment resulted in sustained uptake after two hours (0.757 µM), with decreasing 

intracellular Lis-Trp observed over time with the 10 µM treatment. As expected, a higher 

treatment concentration resulted in higher uptake by the cells. 
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Figure 3.4: Intracellular uptake of Lis-Trp by THP-1 macrophages as measured by LC-MS/MS. Differentiated 

THP-1 macrophages were able to take up Lis-Trp at both 10 and 100 µM over a period of 2 hours. (A) The total 

intracellular uptake in THP-1 macrophage cell lysate. (B) Lis-Trp intracellular concentrations normalised to total 

cell number. *BLQ – Below Limit of Quantitation, 0.00625 µM. 

Intracellular Lis-Trp was detected at picomolar levels after normalization to cell count 

(Figure 3.4B). The standard deviation between samples increased after normalization due to 

differences in cell counts between samples, but the same trend was observed for both 

normalised and non-normalised intracellular Lis-Trp at each time point. 

3.3.2. ACE Activity Measurement 

Differentiated THP-1 macrophages had low intracellular ACE activity in comparison to 

sACE-CHO cells (positive control) (Figure 3.5). No ACE activity was detected in 

undifferentiated THP-1 monocytes, but upon PMA treatment the ACE activity increased by 

approximately 10-fold [174]. 
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Figure 3.5: ACE activity in differentiated THP-1 macrophages and THP-1 monocytes. After PMA 

differentiation, THP-1 macrophages exhibited increased ACE activity. sACE-CHO acts as a positive control 

(Adapted from: Jellema-Butler, Hons 2022 [174]). Total ACE activity normalised by total mg protein in lysate. 

THP-1 macrophage lysate ACE activity after Lis-Trp treatment was significantly reduced 

following 1-hour Lis-Trp exposure but activities remained similar following 2-hours and 

24-hours post-treatment. ACE activity was thus partially inhibited in both 10 µM and 

100 µM Lis-Trp-treated THP-1 macrophages (Figure 3.6). 
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Figure 3.6: Total THP-1 macrophage ACE activity after Lis-Trp treatments decreases within 1-hour post-

treatment. Standard deviation showed a large variance amongst samples with one statistical outlier excluded 

in the 100 µM treatment group. Activity remained similar throughout the time points once Lis-Trp had been 

added. Total ACE activity (mU) was normalised against lysate mg protein. 

In summary, ACE activity increased with PMA treatment of THP-1 monocytic cell lines, but a 

high cell density is required for its quantification in comparison to the positive control cell 

line, sACE-CHO. Lis-Trp was detected in THP-1 macrophage cell lysate for both 10 µM and 

100 µM treatments for up to 2 hours, but only resulted in partial ACE inhibition. 

3.4. Discussion 

Catalytically active ACE expression as well as ACE inhibitor entry (Lis-Trp) into differentiated 

THP-1 macrophages, was confirmed in the present study. Treatment with 10 µM Lis-Trp 

resulted in detectable intracellular levels of Lis-Trp after 1 hour, before decreasing at 2 

hours post-treatment, whereas an increasing quantity of intracellular Lis-Trp was detected 

throughout the 2-hour incubation period with 100 µM Lis-Trp treatment. 

Prior research using the Caco-2 cell line and the ACE inhibitor lisinopril recorded 1 µM 

intracellular levels from 10 µM treatment, a 10% uptake [189]. In the present study 

< 1% Lis-Trp was detected in THP-1 macrophages. The structure of Lis-Trp reveals its low 

lipophilicity (cLogP = -80, ChemDraw version 16) and high total polar surface area 
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(TPSA = 154, ChemDraw version 16), which result in limited passive diffusion through 

biological membranes [201]. In this case, it is plausible that, similarly to lisinopril, Lis-Trp is 

more susceptible to active uptake via proton-coupled oligopeptide transporters or peptide 

carrier-mediated transport and would also have a low bioavailability as a result 

(5.4% orally in rats) [202–204]. 

Importantly, lisinopril is not metabolized in the body and is entirely excreted in the urine 

requiring transporters for removal from target cells or systems [204]. Lisinopril requires 

active absorption through intestinal peptide carrier-mediated transporters, typically PEPT1 

and PEPT2 but a mix of both active and passive methods have been reported with an oral 

bioavailability of 25% [201,204–206]. This same mechanism may be applied to Lis-Trp 

uptake in immune cells. However, THP-1 macrophages only express PEPT2, PHT1 and PHT2 

[207]. PEPT2 is a peptide carrier, whilst peptide/histidine transporters PHT1 and PHT2 

mediate histidine and di/tripeptide transport [208–210]. These transporters actively move 

amino acids and other hydrophilic molecules across cell boundaries, so high doses of Lis-Trp 

could quickly exhaust energy reserves and slow antiport transport dramatically 

[206,207,211–213]. In the present study, increasing inhibitor concentration resulted in 

increased detection within the THP-1 cells. Saturation was not reached at 1-hour post-

treatment for 100 µM as observed with 10 µM treatment. Instead, the cells treated with 

100 µM of Lis-Trp continued to increase their cellular uptake after 2 hours. This may indicate 

that at lower concentrations (10 µM), Lis-Trp is sufficiently removed from cells via 

efflux/transporters in the membrane. This system is then overwhelmed at 100 µM and is 

unable to maintain equilibrium, similar to the observations of Dumont et al. in Escherichia 

coli expressing AcrAB efflux pumps at high ciprofloxacin doses [211,213–215]. Alternatively, 

it is possible that Lis-Trp slowly moves into the THP-1 macrophages due to poor 

permeability, causing an increase over time at high concentrations. Lis-Trp may also be 

degraded and/or partially metabolised once internalised by macrophages owing to the 

presence of high hydrolase levels, resulting in the observed decrease in intracellular Lis-Trp 

levels. As with efflux pumps, high drug doses result in a maximum rate of enzymatic 

degradation and compound accumulation within a cell. Lis-Trp may therefore require more 

time to reach its saturation point within macrophages, which is supported by our 

observation of higher intracellular levels at higher doses.  
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In agreement with prior literature, in the current study ACE expression increased upon 

differentiation of monocytes into macrophages [174,216–218]. Furthermore, after 

treatment with Lis-Trp, partial ACE inhibition was observed, which was expected since 

Lis-Trp is C-domain selective. The modified ZFHL ACE assay by Schwager et al. measures ACE 

activity regardless of domain [200,219]. The residual ACE activity observed for both 10 

(≈ 31%) and 100 µM (≈ 43%) Lis-Trp treatments suggests that the N-domain remains active 

and capable of cleaving the Ang I analogue, ZFHL. Future work would benefit from using the 

Cushman and Chang method, which uses HHL cleavage to only indicate the activity of the 

C-domain [219,220]. This selective measurement of ACE activity would provide insight into 

how much Lis-Trp is required to fully inhibit the ACE C-domain of THP-1 macrophages and 

corroborate the established pharmacokinetics. 

In the present study, successful Lis-Trp uptake and absorption was reported for 

differentiated THP-1 macrophages, a model cell line of human peripheral macrophages. 

Based on these results, the subsequent chapters will explore the impact of ACE inhibition in 

human macrophages and related-immune pathways. Although partial ACE inhibition took 

place, previous studies indicated that partial inhibition, particularly of the C-domain, may 

negatively impact ACE-related immune function [99]. These effects should therefore be 

carefully considered in cases where patients are particularly vulnerable to infection or are 

immunosuppressed. 
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4. The Effects of ACE Overexpression & Inhibition in Human THP-1 Macrophages 

4.1.  Introduction 

Macrophages are vitally important cells that are responsible for the control, mitigation, and 

propagation of inflammatory and autoimmune disease, and the control and eradication of 

pathogenic bacteria from the host [221]. The murine ACE 10/10 model has shown great 

promise in alleviating immune challenge through ACE overexpression in 

macrophages [5,57,89,172,222]. These mice also exhibit normal blood pressure and 

cardiovascular function, despite having no epithelial ACE expression [59,223]. Additionally, 

mechanisms by which ACE inhibition acts on immune cell populations remain unclear, with 

most preliminary research having been done between 1980 and 2000 [224–236]. An 

overarching theme, despite some contradictory findings, was suppression of immune 

regulation and responses by ACE inhibitors. These studies commonly used enalapril, 

captopril and lisinopril as ACE inhibitors. In 2021, Cao et al. analysed the ACE inhibitors 

ramipril and lisinopril in NeuACE mice and a small human cohort [99]. Ramipril and lisinopril 

reduced intracellular and extracellular bactericidal activity in NeuACE neutrophils but not 

the ARB, losartan. Furthermore, in humans, ramipril retarded neutrophil killing action in 

blood and intracellularly, while reducing ROS production. Both animal and human 

neutrophils had suppressed immune function following ACEi treatment. 

Chapter 2 described the identification of proteins and pathways that were significantly 

enriched in ACE 10/10 murine macrophages using MS. There were also significant decreases 

in ATP synthase and TCA cycle components with ACE C-domain inhibitor treatment. Mouse 

models such as ACE 10/10 and NeuACE require confirmation in humans and cell cultures are 

an important step in this process. Based on these revelations, an exploration of ACE 

overexpression in a suitable human cell culture model, i.e., macrophages and other myeloid-

derived cells was undertaken. 

4.1.1. Investigating the Human ACE Overexpressing Macrophage Proteome 

Only targeted metabolomic analysis of murine macrophages and neutrophils and discovery 

MS analysis of mouse plasma have been carried out in the murine ACE overexpressing 
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models [42,100]. The impact of ACE overexpression on human macrophages is unknown. In 

undifferentiated WT THP-1 cells, little to no ACE has been detected via western blot [237–

240]. However, the level of ACE increases in differentiating macrophages and those 

polarized to M1 and M2 states [241,242]. Proteomic comparison of ACE overexpressing and 

unmodified human macrophage cell lines will prove helpful in determining if similar immune 

benefits exist as in mice [42,100]. Secondly, the data collected from the WT cell line will add 

to our current database of the human macrophage proteome, as well as contributing to our 

growing understanding of how ACEi impact immune cell function. 

4.1.1.1. Objectives 

• Perform discovery Triple-TOF SWATH analysis on the ACE overexpressing and WT human 

THP-1 macrophage lysates. 

• Identify significantly differentially expressed proteins in Lis-Trp-treated and untreated 

ACE overexpressing THP-1 macrophages. 

• Identify significantly differentially expressed proteins in Lis-Trp-treated and untreated 

WT THP-1 macrophages. 

• Analyse the functional enrichment of differentially expressed proteins across 

comparisons and their associated biological processes. 

4.2. Methodology 

4.2.1. Cell Culture & Treatment 

4.2.1.1. ACE Overexpressing (ACE +/+) THP-1 Macrophage Cell Line Synthesis 

The human THP-1 cell line usually expresses undetectable to very little ACE until 

differentiation, when ACE is up-regulated [218]. The ACE +/+ cell line was created using a 

lentivirus vector system by Systems Biosciences (SBI), USA and gifted by the K. Bernstein 

laboratory (Cedars-Sinai Medical Centre, USA). 

4.2.1.2.  Human THP-1 Cell Culture & ACE Inhibitor Treatment 

Human THP-1 monocytes were cultured and differentiated into macrophages as described 

in Section 3.2.1. Experimental conditions and cell lysis were as described in Section 2.2.1.2 

and the number of samples per group shown in Table 4.1.  
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Table 4.1: Experimental groups of human THP-1 cell lysate samples (gifted by K. Bernstein, USA). 

Sample Group Number of Samples in Group 

ACE +/+ THP-1 3 

ACE +/+ THP-1 + Lis-Trp (C) 3 

WT THP-1 3 

WT THP-1 + Lis-Trp (C) 3 

 

4.2.2. Sample Preparation 

4.2.2.1. Protein Precipitation & Quantification 

Protein precipitation and quantification were performed as outlined in Section 2.2.2.1. 

4.2.2.2. Protein Digestion & Desalting 

Samples were prepared and digested using trypsin as outlined in Section 2.2.2.2.1. Desalting 

was offline using EvoTips as described in Section 2.2.2.3.2. 

4.2.3. Mass Spectrometry 

Mass spectrometry analysis was performed as outlined in Section 2.2.3.2. 

4.2.4. Data Analysis 

4.2.4.1. Data Processing 

A human UniProtKB library for label-free identification and quantification was created for 

database searching. Data was processed as described in Section 2.2.4.1.2.  

4.2.4.2. Data Clean-up & Statistical Analysis 

The resultant protein groups matrix was analysed using Perseus as described in Section 

2.2.4.1.3 to produce a list of log2 transformed valid protein identifications for differential 

expression analysis. Once more a Student’s t-test comparison was performed taking a 

p-value ≤ 0.05 as significant. 

4.2.4.3. Functional Enrichment & Network Analysis 

Both functional enrichment and network analysis were performed as described in 

Section 2.2.4.1.4. However, STRING interaction confidence was set to medium (0.4) to 

account for lower protein identification in human macrophages. High confidence (0.7) was 
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used for the WT and Lis-Trp-treated WT network due to complexity and excessive node 

overlapping at medium confidence scores. 

4.3. Results 

4.3.1. Peptide & Protein Identifications 

Roughly 20 000 precursors and 2641 protein groups were identified in the human THP-1 

samples. Maintaining valid values in 2 of 3 replicates in any condition, 2308 unique proteins 

remained after filtration and log2 transformation. 

4.3.2. Quality assessments 

The human ACE +/+ THP-1 and WT THP-1 macrophage proteomes correlated well with their 

Lis-Trp-treated counterparts according to their Pearson’s correlation coefficients (Figure 

4.1). There was strong agreement between both ACE overexpressing cell replicates ranging 

from 0.9 - 1.0 and between WT replicates (0.8 - 0.95). ACEC1 and WT2 had lesser Pearson 

correlations (0.5 - 0.7) and, had very few protein identifications due to the EvoTip not 

eluting well, losing sample. These two replicates were excluded from downstream analysis 

and could not be repeated due to poor protein recovery either during lysis or precipitation. 

Following hierarchical clustering, no further replicates were excluded from analysis 

(Appendix Section 8.4.1Error! Reference source not found., Figure 8.4). 



 

80 
 

 

Figure 4.1: Pearson correlation co-efficients of the human ACE +/+ and WT THP-1 macrophage proteomes. 

Samples denoted with a C represent Lis-Trp treatment and those without are controls/untreated. 

4.3.3. Differential Analysis 

The ACE inhibitor (50 µM Lis-Trp , 24 hours)-treated ACE +/+ and WT groups were compared 

to their untreated control groups, while the ACE +/+ control was compared to the WT THP-1 

control (Figure 4.2). The ACE and WT THP-1 comparison had 442 differentially expressed 

proteins, of which 215 were up-regulated and 227 down-regulated (Figure 4.2A). 

Unexpectedly, ACE was detected at similar levels in WT and ACE +/+ THP-1 samples and was 

not significantly overexpressed in ACE +/+ THP-1 macrophages. Only 2 ACE-derived peptides 

were detected during MS analysis out of a possible 75 at low abundance relative to the 

dataset, possibly resulting in poor quantification, likely from incomplete digestion and rich 

glycosylation of fragments impairing MS analysis. ACE overexpression was confirmed by our 

collaborator before treatment and cell lysis via western blot and ACE activity assays 

(Appendix Section 8.4.2, Figure 8.6 &Figure 8.5). 

Lis-Trp-treated ACE overexpressing THP-1 macrophages (ACE +/+) and Lis-Trp-treated WT 

THP-1 macrophages had 68 and 197 differentially expressed proteins, respectively, in 

comparison to their untreated controls (Figure 4.2B & C). 
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Figure 4.2: Volcano plots showing between-group comparisons in human THP-1 macrophages. 

(A) Differentially expressed (DE) proteins in ACE +/+ THP-1 macrophages compared to in WT THP-1 

macrophages (n = 442). (B) DE proteins in Lis-Trp-treated ACE +/+ THP-1 macrophages as compared to ACE +/+ 

THP-1 macrophages (n = 68). (C) DE proteins in WT + Lis-Trp THP-1 macrophages compared to in WT THP-1 

macrophages (n = 197). Significant proteins are coloured as light blue (down-regulated) or orange (up-

regulated). The top 20 significant proteins are labelled. Analysis via Student’s t-test, with p ≤ 0.05 considered 

statistically significant. 
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4.3.4. Network & Functional Analysis of Human THP-1 Macrophages 

4.3.4.1. Network & Functional Enrichment Analysis of ACE +/+ THP-1 Macrophages 

The full set of dysregulated proteins between ACE +/+ THP-1 macrophages and WT THP-1 

macrophages was used to generate a STRING network (Figure 4.3), biological process GO 

enrichment terms (Figure 4.5), KEGG and Reactome analyses (Figure 4.6) were performed. 

Medium interaction confidence (0.4) was used to account for the lower protein 

identifications (2641) in human THP-1 macrophages in comparison to the prior murine 

macrophage (3378) proteomic analysis (Section 2.3.1). Similar to murine macrophages, 

human ACE overexpressing macrophages had increased ATP5B expression and proton-

transport associated genes (VDAC1, VDAC2 and NDUFS3) suggesting increased ATP 

synthesis (Figure 4.4). 
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Figure 4.3: Human ACE +/+ THP-1 macrophage STRING network with dysregulated proteins in relation to WT 

THP-1 macrophages. Confidence of interactions was set to 0.4 and proteins are coloured according to down- 

(blue) or up-regulation (orange) in ACE +/+ THP-1 macrophages. Line thickness indicates the confidence score 

of the interaction. 
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Figure 4.4: Enlarged frame of ACE +/+ THP-1 macrophage network with ATP synthase and ETC components. 

Blue nodes are down-regulated in ACE +/+ THP-1 macrophages and orange nodes are up-regulated. 

Furthermore, several actin cytoskeletal proteins were down-regulated in ACE 

overexpressing macrophages similar to in murine ACE 10/10 macrophages (ACTN4, ACTN1, 

CAPN1 and CAPN2), suggesting strong regulation of cellular migration and organisation 

(GO:0007015). 

Cellular lipid catabolism (GO:0044242) was functionally enriched in ACE +/+ THP-1 

macrophages (Figure 4.5). The proteins associated with this process were APOE, PSAP, 

ASAH1, PRDX6, ECHS1, SCP2 and PLCG2. All of these proteins were up-regulated in ACE +/+ 

THP-1 macrophages except for PLCG2, which is a key signalling factor in lipid metabolism of 

microglia [32]. No fatty acid oxidation, synthesis, or catabolism was functionally enriched in 

the ACE overexpressing macrophages as it was in the murine ACE 10/10 macrophages. 

However, KEGG analysis (Figure 4.6) revealed enriched glutathione metabolism (hsa00480). 

Importantly, innate immune activation (GO:0002218) and cytokine signalling pathways 

(GO:0019221) were also significantly enriched, which would be expected if ACE 

overexpression provide an enhanced immune response in human macrophages. Specifically 

enriched immune pathways were neutrophil degranulation (GO:0043312), T cell receptor 

signalling pathway (GO:0050852), leukocyte activation (GO:0045321), antigen processing 

and presentation, specifically MHC Class I (GO:0019882 and GO:0002474). 
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Figure 4.5: Significantly enriched GO biological processes in ACE +/+ THP-1 macrophages. The number of 

proteins in each process is shown. The dotted line is the significance threshold of p ≤ 0.05, number of proteins 

shown in bar. 

The term ‘Host interactions of HIV factors’ (HSA-162909) suggests the presence of lentiviral 

vector (Figure 4.6). This exploratory analysis highlights differences between mice and 

human cell culture models and provides an important starting point in that several identical 

pathways are dysregulated in both human and mouse ACE overexpressing macrophage 

systems. 
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Figure 4.6: Enriched Reactome and KEGG Ontology pathways in ACE +/+ THP-1 macrophages in comparison 

to WT THP-1 macrophages. Dashed line is significance threshold of p ≤ 0.05 and number of dataset proteins in 

cluster is shown in each bar. 

4.3.4.2. Lis-Trp-treated ACE +/+ THP-1 Macrophages Network Analysis & Functional 

Enrichment 

Interestingly, Lis-Trp treatment in ACE overexpressing THP-1 macrophages resulted in an 

increase in the levels of ion-transporting ATPase proteins: ATP6V1H, ATP2A2 and ATP1A1 

compared to in untreated ACE +/+ THP-1 macrophages. No significant difference in ATP 

synthase components was noted after ACE C-domain inhibition (Figure 4.7). Despite no lipid 

or fatty acid catabolism enrichment (Figure 4.8), acyl-CoA synthetase (ACSL1) was up-

regulated after Lis-Trp treatment (Figure 4.7). TCA cycle protein aconitate hydratase (ACO2) 

and gluconeogenesis protein phosphoenolpyruvate carboxykinase (PCK2) were also up-
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regulated, but NADH dehydrogenase subunit and ETC Complex 1 component NDUFA5 was 

down-regulated. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was down-regulated 

following Lis-Trp treatment, and is known to modulate immune responses, cytoskeletal 

organization and participate in glycolysis [243]. 

 

Figure 4.7: Network of dysregulated proteins in Lis-Trp ACE +/+ THP-1 macrophages in relation to ACE +/+ 

THP-1 macrophages. Confidence score was set to 0.4. Up- or down-regulation is indicated as orange and blue 

nodes, respectively. Line thickness indicates confidence of interactions. 
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C-domain inhibition in ACE +/+ cells resulted in fewer significantly different proteins 

compared to other comparisons. Of interest was neutrophil degranulation (GO:003312) and 

mRNA splicing (Figure 4.8) in Lis-Trp-treated ACE +/+ THP-1 macrophages. Localization 

(GO:0051649) and vesicle transport proteins (GO:0016192) were mostly up-regulated and 

were enriched after Lis-Trp treatment, potentially altering the membrane composition and 

localization of protein pools within vesicles of ACE +/+ THP-1 macrophages. This is inclusive 

of ATP1A1 and ATP2A2 which aid in active transport using ATPase activity. 

 

Figure 4.8: Functionally enriched biological processes in ACE +/+ THP-1 macrophages treated with Lis-Trp. 

Number of proteins in each process is shown. The dotted line represents the significance threshold of p ≤ 0.05. 

According to the Reactome database, innate immunity (HSA-168249) and neutrophil 

degranulation (HSA-6798695) were enriched. A PPAR signalling pathway (hsa03320) was 

identified via KEGG, which is an important signalling node within several macrophage killing 

functions as well as lipid metabolism (Figure 4.9). Glutathione metabolism (hsa00480) was 

also enriched, and is involved in trained immunity induction and ROS detoxification. 
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Figure 4.9: KEGG and Reactome-enriched terms in ACE +/+ THP-1 macrophages after Lis-Trp treatment. KEGG 

and Reactome terms were combined as only two pathways were identified as enriched in Reactome. The 

dashed line represents the significance threshold of p ≤ 0.05, and the number of genes per cluster are 

indicated. 
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4.3.4.3. Network & Functional Enrichment Analysis of Lis-Trp-treated WT THP-1 

Macrophages 

More proteins were identified in WT THP-1 macrophages treated with Lis-Trp than in 

Lis-Trp-treated ACE overexpressing macrophages. Importantly, a significant decrease in ATP 

synthase proteins ATP5J, ATP5I and ATP5D was observed, which is expected with ACE 

inhibition, and several ATP metabolic processes were also down-regulated (Figure 

4.10 &Figure 4.11). Actin cytoskeletal organization proteins were dysregulated, but this may 

be a result of PMA differentiation and cell adherence rather than inhibitor treatment. 

Neutrophil degranulation and leukocyte activation proteins were up-regulated in WT THP-1 

macrophages with Lis-Trp treatment (Figure 4.12). Spliceosome proteins were significantly 

down-regulated, and several DNA biosynthesis proteins, such as heat shock protein 90 kDa 

alpha (HSP90AA1), were up-regulated in comparison to untreated cells. In contrast, 

precursor metabolite generation, including ATP synthase and aldehyde dehydrogenase 2 

(ALDH2), were decreased. TCA cycle participants MDH1 and ME2 were up-regulated with 

Lis-Trp treatment, but dihydrolipoyllysine-residue succinyltransferase, a component of 

2-oxoglutarate dehydrogenase complex (DLST), was down-regulated. DLST acts in 

2-oxoglutarate to succinyl-CoA conversion, suggesting that Lis-Trp treatment results in 

reduced succinate and acetyl-CoA production. Importantly, MHC Class I proteins were 

down-regulated with C-domain inhibition, including the ER-phagosome pathway (Figure 

4.10 &Figure 4.12). 
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Figure 4.10: Lis-Trp-treated human WT THP-1 macrophage network in relation to WT THP-1 macrophages. 

Confidence set to 0.7, blue corresponds to down-regulation and orange corresponds to up-regulation. 
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Figure 4.11: Enlarged network frame focusing on down-regulated ATP synthase components in WT THP-1 

macrophages after Lis-Trp treatment. Blue nodes are down-regulated and orange nodes up-regulated with 

line thickness indicating increasing confidence score. 

Antigen processing and presentation (GO:0002474) was down-regulated with Lis-Trp 

treatment, despite leukocyte activation (GO:0045321) proteins being up-regulated and 

enriched. Furthermore, the IL-12 mediated signalling pathway (GO:0035722) was 

significantly enriched after Lis-Trp treatment, with down-regulation of nine participating 

proteins: CAPZA1, SOD1, TCP1, TALDO1, ANXA2, HNRNPDL, HNRNPA2B1, PPIA and MSN. As 

determined with functional enrichment and DE analysis (Figure 4.2 &Figure 4.12), Lis-Trp-

treated WT THP-1 macrophages had increased secreted proteins compared to untreated WT 

THP-1 macrophages. Several of these proteins are linked to cellular transport and RNA 

metabolism. RNA processing (GO:0016070) ribosomal components increased following 

Lis-Trp treatment, but spliceosome component expression decreased, impacting mRNA 

processing (GO:0006397).  

NADP metabolic processes (GO:0006739) were enriched and the associated proteins up-

regulated, including oxoacid proteins (GO:0043436). The pentose phosphate pathway 

proteins transketolase (TKT), glucose phosphomutase 2 (PGM2) and transaldolase 1 

(TALDO1) were up-regulated and are part of macrophage inflammatory responses for the 

regeneration of NADP+ and  NAD(P)H, including xylulose biosynthesis (GO:0005999) where 

TKT and TALDO1 participate (Figure 4.10). However, these biological processes were not as 

significantly enriched in comparison to neutrophil degranulation and exocytosis owing to 

lesser protein identification within the cluster. 
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Figure 4.12: Functionally enriched biological processes in WT THP-1 macrophages treated with Lis-Trp. 

Significance threshold shown as dotted line (p-value ≤ 0.05) and number of genes present per process 

displayed in its respective bar. 

According to the Reactome database (Figure 4.13A), several biological pathways were 

enriched, including the TCA cycle (HSA-1428517) and ETC surrounding ATP 

synthesis (HAS-163210). KEGG pathways that were enriched following Lis-Trp treatment 

included pyruvate metabolism (hsa00620), which is partially connected to the functionally 

enriched GO terms glyceraldehyde-3-phosphate metabolism (GO:0019682) and pentose 

phosphate shunt (GO:0006098) (Figure 4.12 &Figure 4.13B). Lis-Trp treatment may 

contribute to cellular stress levels and cause activation of chaperone-mediated autophagy 

(GO:0061684). Furthermore, WT THP-1 macrophages had a reduced response to ROS 

(GO:0000302) following Lis-Trp treatment, with a decrease in TPM1, GPX1, PRDX5, PRDX1, 

SOD1 and TX1.



 

94 
 

 

Figure 4.13: Enriched pathways in (A) Reactome and (B) KEGG databases for Lis-Trp-treated WT THP-1 macrophages. Number of genes in each cluster is included within 

bars and dashed line represents the significance threshold of p ≤ 0.05.
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4.4.  Discussion 

This study explored the effect of ACE overexpression and its impact on the human THP-1 

proteome. The inhibition of the ACE C-domain in macrophages was analysed because 

previous murine studies have hypothesised that the ACE C-domain plays an important role 

in neutrophil cytotoxicity [99,244]. To the best of our knowledge, the present study is the 

first discovery MS analysis of human ACE +/+ macrophages. In these macrophages, ATP 

synthesis and MHC Class I antigen processing and presentation were up-regulated as in mice 

[15,100]. The TCA cycle and ETC components were not well detected across samples in 

human ACE +/+ macrophages, possibly due to their low relative abundance, and may 

therefore require a targeted proteomics approach. T cell signalling, neutrophil 

degranulation and leukocyte activation were also functionally enriched in macrophages with 

ACE overexpression. Overall, the present study confirms that ACE overexpression influences 

human macrophage immune function and requires further investigation. In contrast, 

C-domain inhibition appears to encourage neutrophil degranulation and cellular stress 

response, possibly by increased cellular secretion upon treatment and increased autophagy 

response. ACE inhibition also led to lowered ATP synthase and ETC complex components in 

both ACE +/+ and WT THP-1 macrophages. Interestingly, ACE +/+ THP-1 macrophages were 

functionally enriched for glutathione metabolism and PPAR signalling, which warrants 

further investigation given the importance of both in macrophage metabolism and 

function [144,245–247]. 

ACE overexpression in human macrophages could represent a novel means to improve 

immune function, as it does in murine macrophages. Through global discovery proteomics, 

exploratory data could reveal if ACE overexpression is both viable and beneficial in human 

myeloid cell lines when immunologically challenged. Given that ACE activity and expression 

is also increased in some autoimmune conditions, its inhibition and impact thereof on 

immune cell function should be explored further [241,248,249]. 

Comparison of ACE +/+ and WT THP-1 macrophage proteomes revealed significantly 

increased ATP5B, a mitochondrial membrane ATP synthase, and NADH dehydrogenase, 

NDUFS3, a core mitochondrial complex I subunit that functions in electron transfer. The 

increased levels of these proteins support the hypothesis that ACE overexpression increases 

ATP production and respiratory bursts, as observed in ACE 10/10 mice [100]. Functional 
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enrichment analysis did not reveal an increased respiratory or ATP response induced by ACE 

overexpression; and it is worth noting few of these proteins were identified within the 

dataset owing to its untargeted approach. To rectify this, cell lysate could be fractionated 

and enriched for cellular compartments before MS, or a targeted mitochondrial and TCA 

cycle intermediate enrichment could be adopted. Alternatively, ETC and ATP components 

could be detected via immunoblotting. This could not be performed on the present samples 

due to high urea content in the precipitated protein samples and minimal protein recovery 

from the THP-1 lysates. In contrast, WT THP-1 macrophages had decreased ATP synthase 

components after Lis-Trp treatment, implying reduced ATP synthesis. Lis-Trp treatment also 

resulted in enriched NADP metabolism and the pentose phosphate shunt, although 

relatively few proteins were present in the cluster compared to in Lis-Trp-treated ACE 10/10 

murine macrophages (Section 2.3.6). In addition to this, WT THP-1 KEGG ontology identified 

functional enrichment for the TCA cycle and respiratory electron transport. In ACE +/+ THP-1 

macrophages a significant increase in ATPase proteins (such as ATP1A1 and ATP2A2) was 

recorded with Lis-Trp treatment, and these proteins provide the electrochemical gradient 

for nutrient transport across membranes. 

In mice [250,251], the Kreb’s cycle is different in M1 and M2 macrophages. While M2 

macrophages have an unbroken cycle, M1 macrophages have one break before citrate to 

α-ketoglutarate conversion and a second after succinate production which feeds into the 

argininosuccinate shunt to replenish fumarate and malate needed for citrate production. 

Citrate accumulation in M1 macrophages is used for antimicrobial itaconic acid and 

prostaglandin inflammatory responses via fatty acid synthesis [64,251,252]. In unstimulated 

human ACE +/+ THP-1 macrophages, neither an M1 or M2 phenotype was apparent based 

on the functional enrichment analysis; however, the glycolytic enzyme GAPDH was 

significantly down-regulated with Lis-Trp treatment, which implies some form of glycolysis 

and TCA cycle disruption by ACE inhibitor treatment. Alternatively, and supported by GO 

and KEGG enrichment analyses, the non-metabolic functions of GAPDH were impacted. 

These include ER-Golgi vesicle shuttling and transport regulation independent of ATP 

generation and catalytic activity [253–255]. These changes are dependent on PTM of GAPDH 

in vesicles of the early secretory pathway, namely phosphorylation by atypical PKC (aPKC) or 

Akt [253,256]. Analysing the phosphorylation pattern of GAPDH and other phosphoproteins 
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in ACE +/+ THP-1 macrophages may therefore serve an additional mechanistic 

understanding of the proteome perturbance caused by ACE overexpression. Comparing the 

human THP-1 macrophage phosphoproteome with the murine phosphoproteome 

(Section 2.3.4) could implicate specific kinases in the ACE-induced signalling cascades. 

Importantly, other similarities in functional enrichment between murine ACE 10/10 and 

human ACE +/+ macrophages were present. Human ACE +/+ macrophage actin cytoskeletal 

organization was functionally enriched and significantly decreased in comparison to WT 

macrophages as observed in ACE 10/10 mice. ACE overexpressing macrophages likely 

require stimulation to effect cytoskeletal rearrangement for enhanced phagocytosis and 

cellular migration [100,257]. At rest, human ACE +/+ macrophages had enriched immune 

pathways, including T cell signalling, leukocyte activation, positive regulation of the innate 

immune response and antigen processing and presentation. This is particularly important 

for the ACE-associated immune phenotype, since both T cell activation and antigen 

presentation are significantly enhanced in murine ACE 10/10 macrophages [5,15,132,167]. 

However, T cell signalling and TCR proteins were largely decreased in ACE +/+ macrophages 

implying down-regulation of leukocyte activation and adaptive immunity without a form of 

stimulation. In ACE 10/10 macrophages, the same hypothesis exists in that macrophages 

required stimulation to induce enhanced phagocytosis unlike NeuACE neutrophils which 

showed improved function at rest [100]. Although antigen processing and presentation was 

enriched, only the MHC Class I pathway was up-regulated. ACE aids in MHC Class I 

processing in mice and lack thereof cannot be accounted for by other proteases [5,15,57]. 

Thus, differentiated but non-polarized human ACE +/+ macrophages favour enhanced MHC 

Class I processing as observed in mice. In WT macrophages a significant reduction in 

adaptive and innate immune proteins was seen with Lis-Trp treatment. The IL-12 signalling 

pathway was functionally enriched and down-regulated with inhibitor treatment, alongside 

decreased ATP synthase expression. Similar suppression in human PBMCs was observed by 

Constantinescu et al. in 1998 using enalapril and lisinopril [258]. Normally, IL-12 acts in Th1 

responses and is produced by activated macrophages [259,260]. It also induces IFN-γ 

production in T and NK cells, and stimulates inflammation [261]. With reduced production 

or signalling by IL-12, ACE inhibition may allow successful intracellular bacterial infection as 

with tuberculosis [261]. Functionally enriched antigen presentation and processing was also 
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significantly reduced with ACE C-domain inhibition in WT macrophages, which would also 

negatively impact the antigenic repertoire during infection.  

Similar to the murine ACE 10/10 macrophages, lipid catabolism proteins were detected in 

human macrophages both with and without Lis-Trp treatment. However, in human 

macrophages, ACE overexpression did not result in fatty acid oxidation and catabolism 

enrichment. Rather, apolipoprotein E (APOE), a ligand for LDL, was significantly up-regulated 

and aids in lipoprotein binding and internalization [262–264]. APOE is known to protect 

against atherosclerosis and stimulates macrophages to move from the M1 to M2 

phenotype, serving an anti-inflammatory function [262]. ACE overexpression could promote 

a baseline anti-inflammatory phenotype in this manner. In addition, PRDX6, ECHS1, SCP2, 

ASAH1, PSAP, and NAGA were all up-regulated in human ACE +/+ macrophages, and play a 

role in phospholipid, sphingolipid and glycolipid breakdown and transport, and also in the 

cellular stress responses and detoxification. APOE up-regulation may therefore form part of 

a protective arm for ACE overexpression in human macrophages, but increased lipid 

catabolism will also enhance energy production and provide precursors for antimicrobial 

pathways. However, since no fatty acid enrichment was observed in human ACE +/+ 

macrophages, and the fatty acid oxidation protein SCP2 was present and up-regulated, 

these results remain inconclusive and require more in-depth investigation. Linked to lipid 

catabolism is the PPAR signalling cascade which was functionally enriched after Lis-Trp 

treatment of ACE +/+ THP-1 macrophages [142]. PPAR signalling was also functionally 

enriched in murine untreated ACE 10/10 macrophages and Lis-Trp-treated WT TPMs. 

There are three PPAR transcription factors, denoted α, δ and γ, each having its own pathway 

and downstream effects. PPARs are all activated by fatty acids and their derivatives, and are 

important regulators of macrophage function [144]. Four PPARγ splice variants exist and are 

cell/tissue-specific [245]. In macrophages, PPARγ exists as PPARγ1 exclusively owing to 

alternative splicing [245]. mRNA splicing and spliceosome enrichment was observed in 

ACE +/+ THP-1 macrophages, with PPARγ1 as a possible product. Interestingly, both 

ACEi [265,266] and ARBs [267–269] provide protection from type 2 diabetic onset via PPARγ 

agonism, and ramipril, captopril and lisinopril are thought to alter lipid and glucose 

metabolism to provide this protection [265,266]. Fogari et al. established that the non-

selective ACEi lisinopril provided some protection in non-hypertensive patients, whilst 
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Storka and colleagues provided evidence of PPARγ stimulation and affinity by lisinopril, 

leading to PPARγ-mediated phosphorylation and adipocytokine release [265,270]. Lis-Trp 

being selective for the ACE C-domain but still a structural derivative of lisinopril was able to 

functionally enrich PPAR signalling in ACE +/+ macrophages. Furthermore, ACEi increase 

adiponectin expression via cellular retinol-binding protein 1 (CRBP1) in adipocytes 

contributing to anti-inflammatory protections in patients [166]. Hence, PPARγ signalling is 

likely to play a role in ACE +/+ THP-1 macrophages and its dysregulation by Lis-Trp may offer 

the same anti-inflammatory benefits. Importantly, Storka et al. caution that lisinopril plasma 

levels and lipophilicity would impact these results in humans, and that the potent PPARγ 

modulation may not be observed to the same extent as in vitro [270]. However, the action 

of RAS inhibition agents including ARBs and ACEi is not limited to blood pressure, and off-

target effects are likely [265,266,268,270].  

A pilot study by Cao et al. described reduced neutrophil cytotoxicity to bacterial infection in 

isolated human and mouse neutrophils [99]. The reduced bactericidal ability was assigned to 

reduced LTB4 function and ROS production. Given that no clear PPAR pathway is enriched in 

ACE +/+ macrophages, PPARα may also be implicated in ACE +/+ THP-1 function in contrast 

to PPARγ activation via CD36 in ACE 10/10 macrophages. PPARα is activated by exposure to 

oxidized low density lipoprotein (oxLDL) or LTB4, and negatively mediates inflammatory 

responses in macrophages. However, PPARα in humans also positively regulates  NAD(P)H 

oxidase and myeloperoxidase (MPO) to increase ROS production [143,271]. PPARα 

activation in ACE +/+ THP-1 macrophages would thus occur via two pathways. First, 

intracellular ROS generation would induce  NAD(P)H oxidase activation, causing a 

respiratory burst. Second,  NAD(P)H induction would favour oxLDL formation which also 

binds PPARα to produce anti-inflammatory signals such as iNOS inhibition [143]. Since APOE 

was also up-regulated, oxLDL exposure could be higher with ACE overexpression and PPARα 

activation possible; resulting in enhanced immune abilities such as increased ROS and  

NAD(P)H but with self-regulating abilities to prevent prolonged inflammation [144]. Lastly, 

glutathione metabolism was functionally enriched in both untreated and treated ACE +/+ 

THP-1 macrophages. Glutathione (GSH) is primarily responsible for antioxidant defence, and 

regulates gene expression and nutrient metabolism [272].  
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GSH regulates cytokine and immune responses, and can inhibit ACE, whilst its oxidized form 

GSSG can stimulate ACE activity [273]. With ACE overexpression, acidic calcium-independent 

phospholipase A2 (PRDX6) and glutathione-dependent dehydroascorbate reductase 

(GSTO1) are of particular interest since they are directly related to ROS clearance, and 

glutathione and ascorbic acid production. GSTO1 functions in the ascorbate-glutathione 

cycle whereby hydrogen peroxide is detoxified. With ACE overexpression GSOT1 was up-

regulated and highlights the potential for increased ROS production alongside up-regulated 

PRDX6 which also reduces H2O2. ACE 10/10 and NeuACE mouse models have increased ROS 

production [100]. However, in ACE +/+ THP-1 macrophages it is unclear if ROS production is 

increased due to enhanced immune benefits or cellular stress, which may be an unknown 

stimulant or from the addition of the lentiviral vector that controls ACE expression. 

Alternatively, ROS production may be enhanced and stored within vesicles of ACE +/+ THP-1 

macrophages for rapid response after stimulation and immunological challenge via PPAR 

signalling. Superoxide production could be assayed in future to determine if ACE +/+ 

macrophages inherently up-regulate their production and in turn study if this is detrimental 

to the cell viability. ACE +/+ THP-1 macrophages have reduced GSOT1 and PRDX6 with 

Lis-Trp treatment and so would not efficiently reduce and clear hydrogen peroxide using the 

GSH-dependent pathway. In contrast to Lis-Trp treatment, other ACEi such as enalapril and 

captopril improve and favour glutathione-dependent antioxidation responses in mice [233]. 

A panel of 23 neutrophil degranulation markers were identified in human, but not mouse, 

ACE overexpressing macrophages. ACE overexpression does not necessarily lead to 

increased neutrophil degranulation as 15 of the 23 proteins were significantly down-

regulated but strong dysregulation is still apparent. This could be studied in co-culture with 

neutrophils by quantifying their degranulation products, such as MPO and neutrophil-

gelatinase-associated lipocalin (NGAL) [274,275]. In the present study, ACE overexpression 

may be providing a protective effect on macrophages and preventing induction of 

neutrophil degranulation, unless required. When the ACE C-domain was inhibited, 

neutrophil degranulation was enriched in both ACE +/+ and WT THP-1 macrophages. 

However, the proteins identified were significantly up-regulated in comparison to in the 

untreated control. ACE inhibitors such as Lis-Trp could thus be activating neutrophil 

degranulation and apoptosis as observed with lisinopril in polymorphonuclear neutrophils 
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(PMNs) by Miselis and colleagues [227]. Since there are known differences when ACEi are 

applied in vitro or given orally, ACEi have limited effects on circulating neutrophil function. 

Wysocki et al. [276] noted no H2O2 release in unstimulated PMNs, and no impact on ROS 

and H2O2 release in stimulated PMNs. In vitro, enalapril inhibited H2O2 release but 

neutrophil chemotaxis was also reduced with the addition of captopril or enalaprilat 

[226,276]. More recently, Cao et al. [99] have provided evidence in support of reduced 

neutrophilic action with ACE inhibition both in vivo and ex vivo. Although the focus of this 

study was macrophages, it appears that ACE inhibition in macrophages could cause 

enhanced neutrophil degranulation and apoptosis, thus indirectly reducing neutrophil 

survival and function. Degranulation is central to neutrophil function and macrophages 

co-operate to attract neutrophils to the site of infection [277]. Although the mechanisms are 

not clear, it is possible that exocytosis is involved based on its functional enrichment in the 

present study. 

In conclusion, SWATH MS analysis was used to identify proteins and pathways in a human 

macrophage ACE overexpression THP-1 model, several of which were also previously 

identified in ACE 10/10 murine macrophages. These shared pathways include MHC Class I 

antigen processing and presentation and ATP synthase proteins. Increased ROS production 

is also implicated by means of significantly increased oxidant detoxification and glutathione 

metabolic proteins which were subsequently down-regulated with Lis-Trp treatment in 

ACE +/+ macrophages. Furthermore, ACE C-domain inhibition significantly dysregulated the 

THP-1 proteome, and appears to promote neutrophil degranulation, reduced ATP and 

NAD(P)H production, antigen presentation, leukocyte activation and intracellular bacterial 

killing. Of interest was the identification of PPAR signalling functional enrichment. Here, ACE 

overexpression may increase oxLDL exposure by means of up-regulating APOE expression 

and activating PPARα, whereas ACE inhibition may alternatively activate PPARγ cascades, 

thus promoting the protective anti-inflammatory responses in unstimulated differentiated 

ACE +/+ THP-1 macrophages. Although some differences between mouse and human 

macrophages were indicated, it would be worthwhile to pursue ACE overexpression 

investigations in human macrophage cell models further by focusing on functional assays, 

including phagocytic, cytokine assays, and particularly focusing on how these processes may 

change following M1- or M2-polarization. 
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5. The Role of ACE in Phagocytosis in Human THP-1 Monocyte/Macrophages 

5.1. Introduction 

As ACE has been implicated in MHC I/II display, it follows that it may be active in 

phagocytosis and cross-presentation of phagocytosed antigens [14,132,278]. ACE 

overexpression, in mice, results in improved phagocytic ability, which is attenuated by 

inhibition of the ACE C-domain or in ACE C-domain knockout models [100]. How ACE 

interacts with the cytoskeleton or participates in phagocytosis is unknown, but analysing 

this process on a cellular level may aid our understanding.  

Cells generate mechanical forces to fulfil biological functions, including movement, 

cytokinesis, and immune regulation. Phagocytosis utilizes mechanical force to rearrange the 

cytoskeleton and engulf particles [279,280]. These mechanical forces can often become 

dysregulated, with abnormal forces causing vasoconstriction in hypertension, and can also 

exert different forces within the same cell population. Measuring cellular force provides a 

useful metric for evaluating disease progression and identifying therapeutic targets. 

However, this would require single cells that are uniform in shape to provide statistically 

significant data and less variability to uncover new disease-specific patterns [281]. 

5.1.1. An Overview of Phagocytosis 

Phagocytosis is a category of endocytosis and is defined as the uptake of particles > 0.5 µm. 

Phagocytosis is actin-dependent, but clathrin-independent, unlike receptor-mediated 

endocytosis and pinocytosis [282–285]. During phagocytosis, mechanical force is used to 

engulf pathogens or clear cell debris and apoptotic cells, but it also participates in the 

pathogenesis of autoimmune, metabolic, and malignant disorders [282]. Phagocytes, 

including macrophages, DCs, and neutrophils are important components of the innate 

immune system, and allow for antigen presentation through macrophages and DCs to 

activate the adaptive immune system. This chapter presents a detailed discussion of 

professional phagocytes, one of which being macrophages, and their involvement with 

ACE [57]. 
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5.1.1.1. Phagocytosis Pathways 

Receptor recognition has evolved to enable separation of self from non-self through 

multiple receptor interactions and exploitation of conserved microbial components required 

for pathogen infection and survival [283]. Consequently, the phagocytic process is 

controlled in a pathogen-dependent manner by numerous pathways via the different 

receptors capable of inducing it [283]. These pathways include Fc receptor- , complement-, 

and mannose-receptor-mediated phagocytic pathways. However, each of these pathways 

follow similar steps: exogenous particle internalization via receptor interactions, 

polymerization of actin and ingestion of the particle, phagosome maturation through fusion 

and fission with endocytic pathway components, finally leading to mature phagolysosomes 

(Figure 5.1) [283]. 

Infection recognition is mediated through conserved features involved in pathogenesis. 

There are two types of phagocytic particles: apoptotic/necrotic and microbial, which are 

used for distinguishing between altered self and foreign bodies, respectively.  
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Figure 5.1: The early and late stages of phagocytosis in professional phagocytic cells. A summary of the 

phagocytic process sampling receptor-mediated endocytosis. The duplicate grey oval represents a phagocytic 

particle that can either be cellular debris, apoptotic cells, or foreign particulates (e.g., pathogen). The particle is 

engulfed (1a), and the resultant vesicle is brought into the phagocyte (1b) where it undergoes a series of 

membrane fusions with endosomal and lysosomal vesicles (2a). If a pathogen is detected, the lysosome fusion 

will undergo a pH change and degrade the pathogen through acidification and digestion in the phagolysosome 

(2b & 3). These proteins can then be sampled and displayed for T cell activation. Self-antigens are also sampled 

and will prevent immune activation. Abbreviations: CM – cell membrane 

5.1.1.1. Fc Receptor-Mediated Phagocytosis & Complement-mediated Phagocytosis 

Fc receptors recognize immunoglobulin or antibody portions. Antibodies recognize a foreign 

or self-particle and bind to it and can then opsonize the particle and stimulate phagocytosis 

through Fc receptor binding. A pathogen may also be opsonized by complement 

components or antibodies in the humoral response, and via cellular recognition involving 

pathogen recognition receptors and pathogen-associated molecular patterns (PAMPs), 

including LPS, mannans, and formylated-peptides. Once the cargo molecule is bound by its 

receptor, actin filaments assemble to form pseudopods around the antigen. The filaments 

continue to surround the particle as the phagocytic cup forms and support the plasma 
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membrane throughout the process. The phagosome then follows a series of fusion events as 

it matures, with constant antigen sampling to T lymphocytes to differentiate self and non-

self. The body enclosed within the phagocytic cup determines the maturation steps that 

occur [285,286]. 

5.1.1.2. Mannose Receptor-Mediated Phagocytosis 

Mannose receptors are members of the C-type lectin family and bind glycans [283,287,288]. 

Mannose receptors are PAMPs, and can identify multiple pathogens, including 

Mycobacterium tuberculosis and Streptococcus pneumoniae, to the immune system [287]. 

Glycan recognition also serves as a fungal infection detector, since these sugar molecules 

are important components of the fungal cell wall, particularly β-glucan [289]. The 

interactions between pathogen and host glycans with mannose receptors is not well 

understood, and this is also true in phagocytic macrophages, but the interaction is known to 

be calcium-dependent [285]. Thus, the phagocytic internalisation pathway is unclear at 

present, but it is understood to include both pathogenic and macrophage-expressed 

glycans, which interact with each other to determine the appropriate innate immune 

response [287].  

5.1.1.2. Phagosome Maturation 

After internalization, the phagosome and F-actin are depolymerized to allow early 

endosome access [282,286,290]. The vacuole fuses with endosomes and matures through a 

series of events and pH changes, ultimately creating phagolysosomes by fusing with 

lysosomes. The time to reach maturity depends on the receptors activated, ranging from 

30 minutes to hours. Rab family GTPases can also determine maturation age, control vesicle 

fusion and are used as markers for this event [285]. The Rab GTPase family has a 

characteristic distribution during phagosome maturation. Briefly, Rab5 is displayed by the 

phagosome promoting early endosome fusion when bound by Early Endosome Antigen 1 

(EEA1). Recycling vesicles move to the cellular membrane to balance endosome volume. 

Rab5 is then exchanged for Rab7, whereupon late endosomes and lysosomes (pH 4.5) fuse 

together with the early endosomes (pH 6.2) [285,286]. The pH of the resultant 

phagolysosome changes to between pH 4.5 and 5.0 once fused [282,285]. The 

phagolysosome then digests the particulate through acidification and degranulation, from 

which the remaining peptides may be sampled for antigen presentation or destroyed 
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completely. Cathepsins digest the proteins alongside NAD(P)H oxidase, which initiates ROS 

production for enhanced pathogen clearance. 

Neutrophils activate their powerful microbicidal activity once phagocytosis takes 

place [282,286]. This allows degranulation and efficient killing of the engulfed particulates or 

bacteria. Neutrophils also contribute a large oxidative burst to plasma membrane assembly 

of NAD(P)H oxidase. In contrast, monocytes/macrophages have few granules, but secrete 

them after phagocytosis [283,286]. This includes generation of free radicals and use of 

arachidonates and phospholipids from a burst in glycolytic and oxidative/respiratory 

responses. The macrophages also secrete cytokines and enzymes that aid in inflammation 

and leukocyte recruitment. The level of acidification in a macrophage differs according to its 

polarization. M1 macrophages maintain high ROS production and the acidity maintains 

peptides for MHC activation, while M2 macrophages have lower ROS production and faster 

acid-mediated peptide degradation for wound healing and resolution of inflammation [285]. 

As a mixed macrophage phenotype is observed with ACE overexpression in mice, the 

mechanism of phagocytosis may use a combination of glycolytic/oxidative bursts to 

encourage enhanced phagocytic clearance with minimal collateral tissue and cell damage 

[100]. 

5.1.2. Aim & Objectives  

Phagocytic efficiency is improved during ACE overexpression [100]. Although the mechanism 

is unclear, it is ACE-dependent as knockout and inhibited ACE domains decrease this ability 

in mice. This bactericidal phenomenon has been observed in macrophages and neutrophils 

using fluorescent E.coli assays and cell population-level neutrophil cytotoxicity assays in 

mice and humans [99,100]. Single cell methods have not previously been utilized to confirm 

these population measurements. Furthermore, the C-domain has been implicated in this 

pathway, but no further work has been done to determine the phagocytotic ability of ACE 

overexpressing macrophages, to date.  

Therefore, the aim of these experiments was to evaluate the effect of ACE overexpression 

and ACE domain-specific inhibition on human THP-1 macrophage phagocytic ability by 

applying a novel elastomeric micropattern methodology to measure phagocytic 

contractions. 
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5.1.2.1. Objectives 

• To ascertain whether THP-1 macrophages could be used on elastomeric micropatterns 

for measuring their mechanical contraction during phagocytosis. 

• To confirm that ACE overexpression enhances phagocytosis at the single cell level using 

elastomeric micropatterns. 

• To determine if treatment with domain-selective ACE inhibitors would have an impact 

on phagocytosis at the single cell level. 

5.2. Methodology 

An overview of the experimental design is shown in Figure 5.2. Briefly, differentiated THP-1 

macrophages were washed and lifted to be seeded onto elastomeric micropattern plates, 

whereupon ACE domain-selective inhibitor treatments were applied. Phagocytic substrate 

was added after 30 minutes, and the cells incubated for a total of 3 hours before fluorescent 

staining and imaging was performed. The phagocytic substrate used was a carboxyl-

modified latex bead. Carboxyl modifications are preferrable in phagocytic assays, because 

carboxyl group microparticles have greater phagocytic efficiency than amine-modified 

microparticles [291–293]. 

The domain-selective ACE inhibitors used were RXP380A or Lis-Trp and RXP407 for the C- 

and N-domain, respectively. RXP380A was chosen as a preliminary inhibitor but was not 

continued after initial proof of concept experiments as Lis-Trp is more clinically relevant for 

inhibitor studies and resembles lisinopril [187,294]. 
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Figure 5.2: Experimental design using elastomeric micropatterns to assess the role of ACE in phagocytosis 

and the impact of ACE inhibition on WT and ACE +/+ THP-1 macrophages. Contraction was measured and 

quantified using ImageJ/FiJi [295], and differences between groups were evaluated using the Student’s t-test. 

A red-fluorescently labelled anti-ACE antibody, blue DAPI (nuclei), green micropattern and far-red phalloidin 

stains (cell contour) were used to visualise distinctive features of the THP-1 macrophages. 
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5.2.1. ACE +/+ & WT THP-1 Cell Culture 

ACE +/+ and WT THP-1 cells were cultured as outlined in Section 3.2.1, but with the addition 

of 1 µg/ml puromycin for ACE +/+ THP-1 construct selection. 

5.2.2. Elastomeric Micropatterns for Measuring Single Cell Mechanical Force 

As cells produce mechanical forces to fulfil their function, reliable measurement of these 

forces becomes important when designing therapeutics which motivate component 

relaxation, such as in cardiovascular disease [67,176,296]. A biomaterial of Traction Force 

Microscopy (TFM) and elastomeric micropost array, known as fluorescently labelled 

elastomeric contractible surfaces (FLECS), allows increased experimental throughput and 

data acquisition at the single cell level in a multi-well format [281]. Briefly, cells adhere to 

uniform and fluorescently labelled micropatterns atop an elastomeric film (Figure 5.3). The 

mechanical forces exerted produce calibrated displacement of the standardized 

micropatterns that can be quantified using image analysis software. 
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Figure 5.3: FLECS combination technology schematic. A glass support with elastomeric film and adhesive 

micropatterns is embedded into multi-well plates for high-throughput data acquisition of multiple 

experimental conditions. Micropatterns without cells remain unchanged despite stimulation, whilst adherent 

cells are stimulated and exert mechanical forces in the form of contractions (red dotted arrows) which can be 

measured using image analysis software (Adapted from Pushkarsky et al. [281]). 

The uniformity imposed on these cells allows one to investigate cell responses in a 

controlled environment, particularly for macrophages, which are highly plastic and 

heterogeneously shaped even in cell culture [90,173,297–299]. Using micropatterns can also 

indicate where subcellular localization, if any, is taking place and this is of interest in protein 

biochemistry when determining how treatments and stimuli may impact cell movement, 

degradation, or synthesis [299,300]. 

5.2.2.1. Elastomeric Micropattern Preparation 

WT and ACE +/+ THP-1 monocytes were cultured in 10% RPMI media to a density of 

2 x 105 - 1 x 106 cells/ml. Cells were then centrifuged at 300 x g for 5 minutes and 

resuspended in 10% RPMI at 2 x 104 – 1 x 105 cells/ml and seeded at 2 x 104 cells/ml per well 

in a 6-well plate. PMA differentiation (25 ng/ml) was carried out over 48 hours, with a 
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24-hour recovery period in PMA-free media. Cells were washed with cold 1x PBS in between 

media changes and lifted using 0.25% trypsin in EDTA. 

For elastomeric micropattern analysis, cells were seeded onto 6- or 12-well plates already 

prepared with the elastomeric cross-shaped micropatterns. Each well was seeded with 

2 x 104 differentiated macrophages, which were then incubated for 60 minutes to allow 

adherence. 

The adherent macrophages were treated with either a C- or N-domain ACE inhibitor 

(10 µM Lis-Trp or RXP407, respectively). An untreated control group was also prepared. Cells 

were treated for 30 minutes before addition of the carboxyl-modified latex beads, a 

phagocytic substrate, followed by a further 2.5-hour incubation period. The media was then 

removed, and cells were fixed using 4% formaldehyde. The fixed cells were then washed 

with 1x PBS and permeabilized with 0.25% Triton (20 minutes) to allow fluorescent 

antibodies and stains entry. 

5.2.2.2. Imaging 

An ACE rat-derived antibody (4G6, gifted by SM. Danilov, USA) was added to detect the 

N-domain of ACE, DAPI to visualize the nucleus, and phalloidin to show cell shape. The 

elastomeric micropatterns were fluorescent green. The latex beads were also fluorescently 

labelled; however, their fluorescence was not detected because an orange channel was 

unavailable on the microscope. 

Imaging was performed using the Stellar Vision microscope at 20x magnification, utilizing 

Synthetic Aperture Optic technology (Optical Biosystems, USA). The channels are shown in 

Table 5.1. 
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Table 5.1: Stellar Vision fluorescent channels. Used to detect specific components of THP-1 macrophages 

adhered to elastomeric micropatterns and stimulated during phagocytosis. 

Channel Biological Component Detected 

532 nm Green (FAMS) Micropattern 

473 nm Blue (DAPI) Nucleus 

660 nm Red (Cy5) Phalloidin/ACE 

 

5.2.3. Statistical Analysis 

Images were analysed using ImageJ/FiJi software (version 1.53q [208,295,301]). A line was 

drawn from one end of the elastomeric micropattern to the opposite end, and the number 

of pixels measured. A standard, uncontracted micropattern measures 150 pixels in length. 

Only singly and correctly adherent cells were chosen for image analysis. The resultant 

lengths were subtracted from 150 pixels and the mean contraction length calculated along 

with standard deviations for each experimental group. A Student’s t-test was performed to 

evaluate differences between groups. ACE +/+ data was normalised against WT data. At 

least 30 cells per experimental condition across all images were analysed. Statistical outliers 

(>2SD) were removed from experimental groups in downstream processing. 

5.3. Results 

5.3.1. WT THP-1 ACE Inhibition & Phagocytic Measurement 

Representative images of the ACE signal and cell spreading over the elastomeric 

micropatterns are shown in Figure 5.4. Although phagocytosis can be successfully measured 

using elastomeric micropatterns (Figure 5.4A), the level of THP-1 adherence and the correct 

ACE antibody for visualization was also tested (Figure 5.4B & C). Cells were seeded at a 

lower density (2 x 104 - 3 x 104 cells/ml) in future experiments as macrophages tended to 

clump on micropatterns at higher densities (2 x 105 - 1 x 106 cells/ml) and could not be 

imaged or quantified. The ACE N-domain selective rat antibody used, 4G6, and fluorescent 

red anti-rat antibody showed that ACE was dispersed within the cell, and it was therefore 

necessary to stain for actin filaments using phalloidin in future experiments to ensure 

correct adherence (Figure 5.4C). 
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Figure 5.4: Mechanical force, including phagocytosis was measured on single cells that were adhered to 

elastomeric micropatterns. (A) Schematic of how contraction occurs when cell adheres to a micropattern and 

is stimulated, in this case with phagocytic latex bead substrate. The cross of the micropattern contracts in size 

as the cell phagocytoses the substrate. *Red dashed arrows represent contraction, orange circles represent 

latex beads, blue circle represents nucleus and dashed black line is cell shape with green cross as micropattern. 

(B) An ideally adherent THP-1 macrophage on an elastomeric micropattern is centrally located on the 

micropattern indicating maximum mechanistic force would be applied upon stimulation. (C) Sample images of 

THP-1 cells on elastomeric micropatterns. The left image with white arrows shows clustered or incorrectly 

adherent THP-1 macrophages. These cells would not contract the micropattern correctly upon stimulation. On 

the right, the cell contours are shown via phalloidin stain, and the cell is uniform in shape as expected, and will 

contract the micropattern correctly. The cell cytoskeleton is stained with phalloidin, and nuclei are stained 

with DAPI. 

Importantly, when the phagocytic beads were absent, a lack of micropattern contraction 

was observed. ACE inhibitors Lis-Trp (or RXP380A) and RXP407 treatments could impact 

contractile ability in WT THP-1 macrophages. From this proof-of-concept work, WT THP-1 

cells showed increased cellular and micropattern contraction when exposed to a phagocytic 
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substrate and ACE inhibition appeared to cause less cellular contraction and therefore 

phagocytosis (Figure 5.5). 

 

Figure 5.5: WT THP-1 macrophages exhibit cellular contraction on micropatterns both with and without ACE 

inhibition. A violin plot displays the spread of data for the different experimental conditions with statistical 

outliers (> ± 2SD) removed. The means are displayed as solid lines in each group. Each group had a minimum of 

30 images per condition analysed. RXP380A denotes a C-domain ACE inhibitor and RXP407 denotes an 

N-domain ACE inhibitor. Differences between groups were evaluated by unpaired Student’s t-test, and 

P-values are shown in the inset. P-values ≤ 0.05 taken as statistically significant. Negative controls (- Ctrl) had 

no phagocytic substrate present. 

Cells receiving RXP407 treatment, both with and without phagocytic substrate, had several 

outliers, which were removed from further statistical analysis (Figure 5.5). Both C- and 

N-domain selective ACE inhibition resulted in significantly decreased micropattern 

contraction compared to WT THP-1 macrophages, suggesting their involvement in the 

phagocytic behaviour of human macrophages. 
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5.3.2. ACE Overexpression & Inhibition Alters THP-1 Macrophage Phagocytic Contraction 

ACE +/+ THP-1 macrophages showed markedly increased elastomeric micropattern 

contraction when exposed to a phagocytic substrate in comparison to WT THP-1 

macrophages (Figure 5.6 &Figure 5.7). 

 

Figure 5.6: The impact of ACE overexpression & inhibition on THP-1 macrophage phagocytosis. WT THP-1 

cells were used as a control for normalization purposes. Lis-Trp was used as the C-domain inhibitor, and 

RXP407 as an N-domain inhibitor. All groups, except for the negative control, received phagocytic substrate. 

Red – Negative control (- Ctrl), dark green – No inhibitor treatment, light green – Lis-Trp treatment, orange – 

RXP407 treatment. Data represents the mean contraction and the standard deviation shown as error bars. 

Interestingly, both N- and C-domain specific ACE inhibition resulted in a statistically 

significant decrease in contraction by the ACE +/+ THP-1 macrophages (Figure 5.7). This 

trend matches that observed for WT macrophages, where a significant reduction in 

contraction was observed with N- and C-domain specific ACE inhibition (Figure 5.5). ACE 

overexpression therefore increased human macrophage contractile ability in vivo, with both 
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N-domain and C-domain inhibition significantly decreasing the level of contraction in 

ACE +/+ THP-1 macrophages. 

 

Figure 5.7: ACE overexpression aids phagocytic contraction whilst ACE inhibition negatively affects 

contraction in THP-1 macrophages. Data are normalised to WT. Contraction was compared in ACE +/+ THP-1 

macrophages and WT macrophages with and without ACE inhibitor treatment in the presence of phagocytic 

substrate. Means displayed as solid lines within each violin plot. P-values ≤ 0.05 taken as statistically significant 

after an unpaired Student’s t-test. 

5.4. Discussion 

In this chapter, elastomeric micropatterns were used to evaluate cellular contractions of 

THP-1 macrophages undergoing phagocytosis. ACE overexpression resulted in increased 

THP-1 contraction compared to WT THP-1 cells, and domain-selective ACE inhibition 

abrogated this effect. Inhibition of either ACE domain resulted in a statistically significant 

decrease in cell contraction, suggesting that both domains play a role during phagocytosis. 
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ACE overexpression in murine macrophages has been studied extensively within these cells 

and an improved phagocytic ability has been identified using a fluorescent E. coli 

phagocytosis assay [133]. However, this work identified the C-domain as the main player in 

the enhanced immune abilities of both the murine macrophages (ACE 10/10) and murine 

neutrophils (NeuACE). In human cell lines, no work has been published, so we aimed to 

determine if ACE overexpression would have the same effect in human macrophages using 

the human THP-1 ACE +/+ cell line.  

Population level phagocytosis assays, such as the fluorescent E. coli assay, tend to give 

different results with different ligand concentrations, but single-cell measurements may 

not [302–305]. Macrophage single cell phagocytosis has been previously quantified in 

macrophages using elastomeric micropatterns and from these studies it was hypothesised 

that the THP-1 cell line had increased contractions when treated with phagocytic substrates 

compared to when no substrate was present [281,296]. In the present study, phagocytic 

substrate was not quantified in the macrophages as the acidic nature of the lysosome has 

been known to quench fluorescence, and the microscope used did not have an orange 

channel available (Section 5.2.2.2) [306]. Results could be improved by quantifying the 

fluorescence of the latex beads as a proxy for latex bead uptake [306]. As this method could 

be used to assess phagocytic action, it could also be useful for assessing how target proteins 

impact the signalling pathways leading to cellular response [281].  

This novel single cell-level measurement was first used in human monocyte-derived 

macrophages (hMDMs), utilizing IgG opsonization as the contraction stimulant embedded in 

a BSA-silicone micropattern [281]. Pushkarsky and colleagues have also assessed which 

phagocytic stimulant would result in the largest contractile force on these mounted 

elastomeric micropatterns and if this is directly related to the quantity of stimulant present. 

Interestingly, there was no significant difference in phagocytic forces exerted by the hMDMs 

when IgG quantity was altered [281]. This suggests that phagocytic force is independent of 

opsonin scaling and is either activated or deactivated in single cell hMDMs providing an 

initial threshold is met. Similarly, cytokine secretion pathways in T cells are activated by the 

presence of antigens and not their quantity, a process known as ‘digital response’ [302,307]. 

Digital response is well-characterized in neurons, producing ‘all-or-nothing’ action 

potentials, but is poorly studied in non-excitable cell types, including immune cells 
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[281,302,307]. The increased contraction measured in the WT and ACE+/+ cell lines in the 

present study suggests that digital response may be occurring in human THP-1 macrophages 

when exposed to varying phagocytic substrate quantities.  

Interestingly, cellular contraction was observed despite neither cell line being polarized 

using cytokines before the addition of latex beads. This suggests that PMA primes THP-1 

macrophages for phagocytic stimulation. Although it was not confirmed directly in these 

experiments, THP-1 macrophages are known to be heterogeneous after PMA 

differentiation, and still favour an inflammatory phenotype associated with enhanced 

bacterial clearance [91,196,197,216,308,309]. However, phagocytic forces appear to change 

in response to opsonin type with immunoglobulins resulting in the greatest contraction and 

non-opsonized BSA, fibronectin and vitronectin resulting in relatively small 

displacements [281]. A sub-population within the THP-1 macrophages may have been 

activated through non-Fc receptors, resulting in some cells having much higher contraction 

than others within each experimental group [281]. In the present study, there is an overall 

statistically significant trend towards higher contraction or pixel measurements in the 

phagocytic substrate-treated WT THP-1 macrophage group compared to in the untreated 

WT THP-1 macrophages. The mean contraction, which is a proxy for phagocytic movement, 

was lower in the (-Ctrl) WT (1.655 pixels) than in the WT (4.839 pixels) group, indicating that 

lesser understood or immunologically important targets can still cause phagocytic 

stimulation of differentiated THP-1 macrophages [281]. Therefore THP-1 macrophages, both 

ACE overexpressing and WT, exhibit a downstream signalling convergence that is similar to 

digital cellular response in T cells via NF-κB and neuronal action potentials 

[281,302,303,305,307].  

Based on the findings of the present study and previous studies; ACE overexpression can 

increase phagocytic action in THP-1 and murine macrophages, suggesting a role within 

cytoskeletal rearrangement and movement independent of Ang II. The enhanced 

phagocytosis is present with ARB but not ACEi treatment or ACE C-domain knockout in mice.  

In respect of digital responses, perhaps either Fc or non-Fc receptors require lower 

activation energy or phosphorylation/dephosphorylation thresholds and fewer pathways to 

activate phagocytosis, resulting in more cells being activated at any ligand concentration. 

This should be explored via transcriptomics and proteomics to understand changes in gene 
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and protein expression, and thus gain insights into this as yet unknown mechanism. 

Alternatively, ACE may be directly involved in cytoskeletal reorganization and cell migration. 

ACE KO and inhibition is detrimental to both human neutrophils and murine ACE 10/10 or 

NeuACE models in clearing bacterial infections [58,99,100,310]. It is of interest that as little 

as 10 µM ACE inhibitor treatments are able to significantly impact macrophage contraction, 

particularly in ACE +/+ THP-1 macrophages since 50 µM Lis-Trp has been deemed necessary 

for biological impact according to our collaborators [K. Bernstein, personal communications, 

27 November, 2021], and 100 µM over two hours also partially inhibited ACE activity 

(Section 3.3.2). If low ACE inhibitor concentrations can exert this effect with minimal uptake, 

ACE inhibitor therapy may be detrimental to immunocompromised individuals [99]. The ACE 

C-domain is thought to be responsible for the enhanced immune phenotype of ACE 10/10 

murine macrophages and NeuACE neutrophils. However, our findings suggest that the 

N-domain is also involved in phagocytic processing as contraction was significantly 

decreased with RXP407 and Lis-Trp treatment in cells overexpressing ACE. In WT THP-1 

macrophages, a significant difference in cellular contraction was observed with both C- and 

N-domain inhibition. Phosphinic peptides, including RXP407 and RXP380A used here, are 

highly selective for zinc-metallopeptidases and act as transition state analogues of the 

enzyme substrates [311]. Dive et al. [312] demonstrated a broad substrate specificity for the 

N-domain, and Semis et al. [42] demonstrated broad ACE and more particularly C-domain 

substrate specificity. In doing so, ACE may be directly involved in phagocytosis through 

foreign protein degradation as with MHC I/II presentation in murine models [15,132]. 

In the present study, we confirmed that ACE overexpression increases phagocytosis as 

measured by elastomeric micropattern contractions in comparison to WT THP-1 

macrophages. To improve this high throughput assay, opsonized phagocytic beads or E. coli 

fragments could be used in future to assess whether greater cellular force is associated with 

different phagocytic substrates. Simultaneously, a greater number of cells should be 

assessed in future for increased statistical power. To complement the contraction data, the 

fluorescence of the latex beads should be measured as a proxy for phagocytic uptake. The 

results of single cell measurements using elastomeric micropatterns implies that both ACE 

and WT THP-1 macrophages use a digital cellular response when exposed to a threshold of 

latex beads or phagocytic substrates resulting in more cells being activated and a higher 
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population responding to the ligand overall. ACE domain inhibition shows a significant 

decrease in phagocytosis in ACE overexpressing macrophages and is also significantly 

decreased with both N- and C-domain inhibition in WT human macrophages using 

phosphinic peptide inhibitors. ACE overexpression therefore shows similar results in respect 

of phagocytic action in both human and murine macrophages, showing heightened 

phagocytic ability observed when exposed to non-opsonized phagocytic latex beads, 

suggesting a direct role for ACE in cytoskeletal rearrangement and phagocytosis that is 

independent of Ang II. Elastomeric micropatterns are thus suitable for single cell evaluation 

of phagocytosis in human THP-1 macrophages, with both WT and ACE +/+ cell lines showing 

contraction when stimulated with a phagocytic substrate. 
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6. Conclusions, Limitations & Future Directions 

6.1. Conclusions 

ACE overexpression in macrophages and neutrophils shows promise in treating infections 

and non-communicable diseases [5]. This enigmatic enzyme participates in an unknown 

Ang II-independent mechanism that provides enhanced immunity in murine models 

[6,15,100,133]. Although the substrates and pathways at work remain elusive, global 

proteomics may provide clues to understanding the ACE overexpression mechanism further 

and directing future research. This work presents the intracellular proteomic changes in 

ACE 10/10 murine macrophages and human ACE +/+ THP-1 macrophages. The biological 

impact of ACE C-domain inhibition on both ACE overexpressing and WT macrophages was 

also investigated. In Chapter 2, the intracellular murine ACE 10/10 macrophage proteome 

and phosphoproteome was investigated using untargeted mass spectrometry. Several 

functional pathways previously identified in the literature as more active, and part of the 

enhanced immune benefits were enriched and their participating proteins up-regulated. 

These immune pathways include antigen processing and presentation, T cell activation and 

signalling, ROS production and phagocytosis. The murine macrophages also have increased 

TCA cycle activity, ATP production and oxidative respiration all of which were functionally 

enriched and up-regulated in our dataset. We were thus able to confirm pre-existing 

literature on the ACE 10/10 macrophages in addition to greater proteome coverage. To gain 

further insight into active or repressed signalling pathways of ACE overexpressing 

macrophages, phosphoproteomics was performed. The MAPK1/ERK2 and PKA pathways 

were highlighted by the presence of their kinase/phosphatase targets including Inpp5d and 

Pkn1. Although similar phosphoproteomic responses were observed with ACE 10/10 

macrophages and WT macrophage C-domain inhibition in comparison to WT macrophages, 

Inpp5d and Pkn1 had different phosphosites in each comparison. Inpp5d is particularly 

interesting as it is classically anti-inflammatory and may counteract the immune activation 

observed with ACE overexpression in macrophages [153,313,314]. ACE also participates in 

MAPK signalling as observed with ACE inhibitor treatments where it mediates the MAPK and 

AP1 downstream signalling cascades [165,166]. However, the MAPK/ERK signalling is a 

known Ang II-mediated pathway that induces ACE up-regulation and ACE2 down-regulation 

and the addition of an ARB treatment condition may instruct this pathway in conjunction 
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with ACE overexpression further. Interestingly, lipid metabolism, particularly fatty acid 

oxidation and PPAR signalling was also enriched in the proteome and presents a novel area 

of research for ACE overexpression studies as ACE expression is up-regulated with exposure 

to adipocytes and lipids in conjunction with cytokines [238]. Lipid metabolism in 

macrophages, both mouse and human, is an important regulator of their activation and 

differentiation [138,143]. Fatty acids can be used as building blocks of microbicidal 

molecules and granules but also aid in regulating NO and ROS production through anti-

inflammatory signalling [137,138,315]. This emphasises the strict control macrophages, 

including ACE 10/10 murine macrophages, practice with both M1 and M2-leaning 

characteristics present until stimulation occurs. 

In Chapter 3 the intracellular uptake of Lis-Trp in human THP-1 macrophages was studied in 

light of recent human and mouse neutrophil studies highlighting a reduced ROS and 

phagocytic response upon ACE inhibitor treatment [99,244]. ACE activity and intracellular 

Lis-Trp concentrations were measured using the ZFHL activity assay and MS. Importantly, 

10 µM Lis-Trp treatment was sufficient for partial ACE inhibition despite less than 1% uptake 

into the macrophages and no cytotoxicity was observed; 100 µM treatment provided similar 

results. Lis-Trp was not capable of easily entering THP-1 macrophages because of poor 

lipophilicity as has been noted for its structural homologue, lisinopril. However, immune-

modulating and off-target effects of Lis-Trp and other ACE inhibitors are still of interest 

despite minimal uptake. Partial ACE inhibition, particularly the C-domain, is sufficient to 

alter immune responses in immunocompromised patients [99]. 

 In Chapter 4 the global proteome of ACE overexpressing human THP-1 macrophages was 

investigated paying particular attention to similar functionally enriched pathways as 

identified in the ACE 10/10 mouse macrophages. Human ACE +/+ THP-1 macrophages 

revealed several enriched immune functions, including MHC pathways, T cell, and cytokine 

signalling. ATP, ETC and TCA cycle enrichment was not present despite up-regulation of ATP 

synthase and Complex I components in the significantly differentially expressed proteins of 

ACE +/+ THP-1 macrophages compared to WT THP-1 macrophages. Lipid metabolism was 

somewhat enriched but not fatty acid oxidation, and interestingly only ACE C-domain 

inhibition had functional enrichment for PPAR signalling. Previous studies suggest ACE 

inhibitors, including lisinopril, induce PPARγ signalling through phosphorylation and 
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adipocytokine release. PPARγ alters lipid metabolism in hypertensive settings to protect 

against inflammation and diabetic onset [268,270]. However, PPARα activation could also be 

present with ACE overexpression as APOE was up-regulated and induces oxLDL to provide 

improved ROS and NAD(P)H oxidase activity. In conjunction with the enriched cytokine and 

immune cell activation processes was neutrophil degranulation. Current macrophage-

neutrophil communication is poorly understood but ACE may be involved by means of 

increased macrophage recruitment and exocytosis in turn recruiting neutrophils to sites of 

inflammation and infection. Although fewer protein identifications were present, 

ACE +/+ THP-1 macrophages still present functional enrichment for immune pathways 

previously identified in murine ACE 10/10 macrophages and may exhibit similar enhanced 

immunity to challenges.  

In Chapter 5, phagocytosis of latex beads by ACE +/+ and WT THP-1 macrophages treated 

with ACE C- and N-domain inhibitors was tested. MS analysis revealed functional 

enrichment for cytoskeletal reorganisation and phagocytosis in both mouse and human ACE 

overexpressing macrophages. Prior studies have also revealed increased phagocytosis as 

part of the ACE overexpression phenotype with exposure to fluorescent E.coli fragments but 

stimulation of macrophages was required [100]. As no phagocytic studies had been 

performed in human macrophages previously, our study provided further insight into 

ACE +/+ THP-1 characteristics. ACE overexpression had markedly improved contraction of 

elastomeric micropatterns, a proxy for phagocytic uptake, compared to WT macrophages 

which was abrogated by both C- and N-domain ACE inhibitor treatments. Additionally, 

10 µM treatments were sufficient in reducing micropattern contraction despite the minimal 

uptake of ACE inhibitors noted in Chapter 3. 

Mass spectrometric analysis of human and mouse ACE overexpressing macrophages was 

able to provide further insight into the potential pathways at work with regards to enhanced 

immunity whilst also confirming pre-existing literature. This study paves the way for future 

immunological studies and characterisation of human ACE +/+ THP-1 macrophages and ACE 

overexpression in select immune cell types may one day act as a powerful and alternative 

tool in treating drug resistant or autoimmune diseases including cancers, bacterial and 

fungal infections, diabetes, kidney disease and AD. 
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6.2. Limitations 

To map the proteome of ACE 10/10 murine and ACE +/+ human macrophages, discovery 

mass spectrometry using TTOF-SWATH was utilised. However, proteomic coverage in our 

samples was limited due to sample complexity. Fractionation of cell lysates could be 

employed to remedy this and improve low abundance protein identifications and 

reproducibility of identifications across samples. There was lower than expected homology 

between species, and between ACE overexpressing and WT macrophages. Direct parallels of 

protein expression were therefore limited. Additionally, the reduced homology between 

species may be a product of inappropriate models being compared. Repeat runs were not 

possible due to lower-than-expected protein recovery during lysis and it is expected that 

more cells, particularly human THP-1 macrophages, are required for adequate harvesting. 

As cell lysates were gifted by our collaborators sample was limited. Finally, ACE detection in 

MS was contradictory in mouse and human macrophages and would benefit from a targeted 

RAAS component detection, immunoblotting, and ACE activity assays to confirm its presence 

and overexpression. However, since protein content was limited, all sample was used for 

mass spectrometry and high urea content of the denaturation buffer interfered with 

immunoblotting detection. Although a thorough starting point in characterising ACE 

overexpressing macrophages; functional assessments including physical protein interaction 

studies and metabolite measurements (ATP, ROS, and NOS) would strengthen our results. 

The deductions from phosphoproteomic analysis are also limited as initial changes from ACE 

inhibitor treatments were not measured but rather those changes after 24 hours of 

treatment. Although some modifications were seen, the dynamic nature of the 

phosphoproteome encourages lysis to be done within minutes or hours of treatment. Based 

on our initial Lis-Trp uptake in human THP-1 macrophages, phosphoproteomic analysis 

could be done on lysates collected within 2 hours of treatment. 

Furthermore, macrophages exert many of their functions through cytokine and chemokine 

production. These molecules are excreted into the bloodstream/culture medium and were 

not directly measured in our cell lysates. Secretome analysis and select cytokine 

measurements by enzyme-linked immunosorbent assay (ELISA) could be employed but 

macrophages will first need to be serum-starved to prevent interference with MS analysis. 

In addition, our study presents proteomic datasets for unstimulated macrophages which are 
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largely heterogeneous in nature. Differentiation and polarization of macrophages into their 

classical M1 and M2 states are suspected to have different proteomic properties and one 

could challenge these ACE overexpressing macrophages with different immunological 

stimulants to create homogeneous populations. In the case of elastomeric micropattern 

contraction, greater phagocytic uptake and therefore contraction would be seen with 

opsonised or microbial phagocytic substrates and imaging should include a fluorescent 

substrate or adduct that is not sensitive to lysosome acidity. 

6.3. Future Directions 

Considering the highly glycosylated nature of ACE, targeted RAAS and ACE proteomics 

would benefit from the inclusion of glycoproteomics. Spatial proteomics would also add to 

understanding if ACE overexpression is limited to certain subcellular compartments and how 

or if effector molecules including those for MHC production and T cell signalling are altered 

as a result. Lastly, lipidomic and pathway analysis of the PPAR alpha and gamma variants 

presents an interesting link to ACE overexpression and enhanced macrophage function by 

altering lipid metabolism within the cells and downstream signalling cascades. Lipid-focused 

studies including functional assays after exposure to lipid-rich culture medium offer a 

starting point in this respect. Furthermore, macrophages are important effector cells 

through both direct and indirect actions. In this work we have looked at the intracellular 

proteome which imparts direct actions such as phagocytosis, leukocyte recruitment and 

antigen presentation. Future studies could include secretome analysis of ACE 

overexpressing macrophages to understand changes in cytokine and signalling molecules of 

a paracrine nature whilst also introducing co-culture models to highlight cellular 

communications. Noting the influence of ACE overexpression on the tumour response of 

mice, it may prove interesting to study how human ACE overexpressing macrophages deal 

with cancerous cells in culture.  

Whilst exploratory proteomic data of human ACE +/+ THP-1 macrophages provided some 

promise of ACE-mediated immune benefit, further study is required. This cell line is however 

transient and future studies could work on developing a permanently altered macrophage 

cell line. Furthermore, as ACE overexpressing murine neutrophils also exist a new venture 

may be to investigate ACE overexpression in human neutrophils.  
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ACE modulation by ACE inhibitors and ARBs has been well studied, and ACE activity or 

expression level manipulation presents a future immunotherapy and precision medicine 

approach [316,317]. However, somatic ACE is expressed throughout the body and use of 

ACE phenotyping and tissue-specific promoters would be necessary to change expression 

levels in select cells or tissues [316–319]. Lastly noting ACE inhibitors and their modulation 

of immune cell function, a human pilot study [99] on neutrophils has identified cause for 

concern in reduced ROS and extracellular killing abilities but no work has been done in 

macrophages. The impact of clinically prescribed ACE inhibitors and ARBs should therefore 

also be applied to isolated human macrophages and other immune cell types. 
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8. Appendix 

8.1. Bio-Rad Bradford Rapid Quantification Standard Curve 

A standard curve was plotted to determine protein concentration of cell lysate and 

precipitated proteins. 

 

 

Figure 8.1: BSA Standard Curve used for mass spectrometry protein sample quantification. Curvilinear 

regression (second order polynomial) was used in the Bradford protein quantification assay ranging from 0 – 

2.5 mg/ml BSA. 
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8.2. Mouse Proteomic & Phosphoproteomic Analysis 

 

Figure 8.2: Hierarchical clustering analysis of (A) TTOF proteome and (B) QE phosphoproteome. Proteome samples WTC3 and ACEC1, and ACE_02 in the 

phosphoproteome were excluded from further analysis. The ACEC phosphoproteome group was retained. 
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Table 8.1: Identified PhosphoSitePlus (PSP) phosphorylation sites and their corresponding kinases within the differentially expressed phosphoproteins of ACE 10/10 and WT 

TPM lysates. 

Protein Gene PhosphoSitePlus window 
PhosphoSitePlus 

kinase 
PhosphoSitePlus kinase 

uniprot 
Phospho (STY) Probabilities 

Prelamin-A/C;Lamin-A/C Lmna EEERLRLsPsPtsQR CDK1 P06493 LRLS(1)PSPTSQR 

DENN-domain-containing protein 4C 
Dennd4c;Denn

d4c 
DSEDKLFsPVISRNL ERK2 P63085 TSDSEDKLFS(1)PVISR 

Cytoplasmic dynein 1 light intermediate chain 
1 

Dync1li1 VsPttPtsPtEGEAs ERK2 P63085 
KPASVSPTTPT(0.024)S(0.975)PT(0.001)E

GEAS 

Unconventional myosin-IXb Myo9b;Myo9b 
RATGAALtPTEERRI;RATGAALt

PtEERRI 
ERK2 P63085 ATGAALT(1)PTEER 

Sorting nexin 2 Snx2 sPAVtPVtPttLIAP ERK2 P63085 
ELILSSEPSPAVTPVT(0.992)PT(0.006)T(0.

002)LIAPR 

Heterogeneous nuclear ribonucleoprotein H2 Hnrnph2 LKHtGPNsPDtANDG ERK2;P38A P63085;P47811 HTGPNS(1)PDTANDGFVR 

Lymphocyte-specific protein 1 Lsp1 KLADRTEsLNRsIKK MAPKAPK2 P49137 LADRT(0.002)ES(0.998)LNR 

Rab11 family-interacting protein 5 Rab11fip5 LTHKRtysDEAsQLR NDR1 Q91VJ4 TYS(1)DEASQLR 

Phosphatidylinositol 3,4,5-trisphosphate 5-
phosphatase 1 

Inpp5d 

PPsQPPLsPKKFsSS PKA P17612 GEGPPTPPSQPPLS(1)PK 

RLFDQQLsPGLRPRP PKA P17612 LFDQQLS(1)PGLRPR 

Vimentin Vim GQVINEtsQHHDDLE PLK1 P53350 DGQVINET(0.018)S(0.982)QHHDDLE 
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8.3. HL Standard Curve – ACE Activity Assay 

An HL standard curve was plotted to determine ACE activity of cell lysate samples using the 

ZFHL assay. 

 

 

Figure 8.3: HL Standard Curve used to calculate ACE activity.  
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8.4. Triple-TOF SWATH-MS of Human ACE Overexpressing & WT THP-1 Macrophages 

8.4.1. Hierarchical Clustering Output 

 

Figure 8.4: Hierarchical Euclidean clustering of human macrophage proteomic samples. ACEC1 and WT2 were 

excluded from analysis. 
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8.4.2. ACE Overexpression Confirmation 

Western blot and ACE activity confirmation of ACE overexpression in ACE +/+ THP-1 

macrophages. 

 

 

 

   -

       

   -

    

   -

       

   -

    

ACE ACE 

Figure 8.5: ACE overexpression in ACE +/+ THP-1 macrophages after PMA treatment and before cell lysate 

harvest. Increased ACE expression is recorded in ACE +/+ THP-1 macrophages as detected using polyclonal 

CD143/ACE antibody (R&D Systems). Western blot provided by Dr Duo-Yao Cao (Bernstein Lab, Cedar-Sinai, 

USA). 
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Figure 8.6: ACE activity results of monocytic state ACE +/+ THP-1 macrophages. Increased ACE activity was 

recorded in transfected ACE +/+ THP-1 microphages, denoted as either high or low MOI (red and green curves) 

whilst no activity was recorded in the empty vector control (EVC, purple curve) and WT THP-1 monocytic cell 

line (THP-1, blue curve). Provided by Dr Luciana Veiras (Bernstein lab, Cedar-Sinai, USA). 
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