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ABSTRACT 

Macrophages are innate immune cells, leading the early defence against invading pathogens. 

The highly versatile and adaptable nature of macrophages is critical in maintaining immune 

homeostasis. The dysregulation of macrophage function has been linked to various pathologies. 

Hence, understanding macrophage biology is essential. THP-1 cells are the most widely used 

in vitro model for studying macrophage biology. Despite its broad adoption, the experimental 

protocol for obtaining mature macrophages from THP-1 cells has not been standardised. This 

is particularly evident when it comes to the concentration of phorbol 12-myristate 13-acetate 

(PMA), a widely used differentiation agent, and its associated impact on the inflammatory state 

of the derived macrophages. 1,25-Dihydroxyvitamin D3 (1,25D3), a well-known 

immunomodulator with anti-inflammatory properties, has the potential to augment the 

limitations of PMA-based differentiation protocols. This study, therefore, hypothesised that a 

low-dose PMA-based differentiation protocol in the presence of 1,25D3 would yield functional, 

naive macrophages (M0) that can be polarised into either the pro-inflammatory (M1) or anti-

inflammatory (M2) phenotype. To test this premise, THP-1 cells were differentiated with 5 nM 

PMA, in the presence and absence of 10 nM 1,25D3. To evaluate the functional implication of 

the differentiation protocol on their polarisation potential, M0 macrophages were stimulated 

for 24 h with 100 ng/ml lipopolysaccharide (LPS) and 20 ng/ml of interferon-Gamma (IFN-γ) 

to obtain M1 macrophages or 20 ng/ml interleukin 4 (IL-4) and 20 ng/ml IL-13 for 48 h to 

obtain M2 macrophages. The surface expression of M1-marker, CD80, and M2-marker, 

CD206, were then quantified by flow cytometry. As further confirmation of the inflammatory 

state of the cells, the expression levels of key inflammatory markers (RIG-I, IL-1β, CXCL-10, 

CCL-2 and IL-10) were quantified using RT-qPCR. To test the functional potential of the 

macrophages, they were transfected with the retinoic acid-inducible gene I (RIG-I) agonist, 

5'ppp-dsRNA, for 2 h. The results revealed that the presence of 1,25D3 caused differentiated 

cells to adopt a morphology comparable to primary macrophages. Differentiation in the 

presence of 1,25D3 also supported macrophage polarisation into distinct M1 and M2 

phenotypes based on CD80 and CD206 expression in response to IFN-γ + LPS and IL-4 + IL-

13, respectively. Moreover, M1 macrophages differentiated from M0 macrophages obtained in 

the presence 1,25D3 showed significantly higher expression of inflammatory markers RIG-I 

and CXCL-10, compared to M1 macrophages differentiated from M0 macrophages in the 

absence of 1,25D3. Regardless of 1,25D3 presence during differentiation, neither M0 nor M1 

macrophages launched a notable response to 5'ppp-dsRNA 2 hours post-transfection. However, 
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M2 macrophages differentiated from M0 macrophages in the presence of 1,25D3 responded 

with a significant increase in inflammatory markers CXCL-10 (p < 0.001) and CCL-2 (p < 

0.050) relative to the control. Thus, the presence of 1,25D3 during differentiation appears to 

support a macrophage phenotype that can respond to both inflammatory and anti-inflammatory 

signals. Taken together, the results support the premise that 1,25D3 augments low-dose PMA-

based differentiation of THP-1 cells into functional macrophages. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Macrophages  

1.1.1 Macrophage origin and function  

Macrophages are innate immune cells and key players in the first line of defence against 

pathogens, including viruses, bacteria (Hirayama et al., 2018). They exist as tissue-resident 

cells developed during the early embryonic developmental stage with self-renewal ability 

(Epelman et al., 2014). They can equally be differentiated from circulating monocytes - a 

myeloid progenitor cell integral in the maintenance of endothelial integrity as demonstrated in 

Fig 1.1 (Auffray et al., 2009; Teh et al., 2019; Lendeckel et al., 2022). Tissue-resident 

macrophages such as Kupffer, alveolar, microglia, and osteoclast cells found in the liver, lungs, 

brain, and bone, respectively, are shaped uniquely to their location. Irrespective of their origin, 

tissue-resident and monocyte-derived macrophages migrate to the affected area and function 

in combination to clear pathogens (Galli et al., 2011; Davies et al., 2013; Lendeckel et al., 

2022).  

Chemotactic signalling directs tissue-resident and recruited monocyte-derived macrophages to 

the site of injury or infection, and this is usually associated with inflammation. Through 

phagocytosis (Fig. 1.1), macrophages engulf invading pathogens and other cell debris. 

Phagocytosed pathogens are broken down after isolation in the phagosome, fusion with 

lysosomes and formation of a phagolysosome (Hirayama et al., 2018). Antigen-presentation 

follows when peptide residues from phagocytosis, usually consisting of 15 - 20 amino acids, 

are carried over and presented to the adaptive immune T cells via the major histocompatibility 

complex II (MHC II) cell surface molecule (Roche and Furuta, 2015; Santa, 2023).  

Pathogenic invasion of the host cellular environment is picked up by the close monitoring 

activity of pattern recognition receptors (PRR) (Fig. 1.1). This signals the activation of 

macrophages and other innate immune cells through the identification and binding to pathogen-

associated molecular patterns (PAMPs) exhibited by the pathogens. PRRs are found within the 

extra and intracellular spaces of innate immune cells such as macrophages, neutrophils, and 

dendritic cells. Major examples include the toll-like receptors (TLR), nucleotide 

oligomerisation domain-like receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)-like 

receptors (RLRs) (Kumar et al., 2011; Rehwinkel and Gack, 2020). Activating PRRs such as 

RIG-I for example, by short, double-stranded RNAs with a 5' triphosphate and blunt ends, 

results in a robust signalling cascade via the nuclear factor-kappa B (NF-κB) signalling 
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pathway. This results in the release of pro-inflammatory cytokines such as tumour necrosis 

factor-alpha (TNF-α), interleukin-1 beta (IL-1β), IL-8, IL-6 and IL-12. At the same time, 

chemokines such as C-X-C motif chemokine ligand 10 (CXCL-10) and C-C motif chemokine 

ligand 2 (CCL-2) are released. They work together to cause an increased vascular permeability 

enabling the recruitment of other inflammatory cells. Concurrently, via the interferon 

regulatory factors (IRF) signalling pathway, a type I interferon (IFN) response is also activated. 

This leads to the transcription of interferon-stimulated genes (ISGs) inducing an antiviral state 

in infected cells extending to neighbouring cells (Duque and Descoteaux, 2014; Lendeckel et 

al., 2022).  

In vitro, these immune signalling pathways can be activated by means of synthetic agonists for 

the PRRs. Commonly used agonists to stimulate an antiviral response include for example, 

resiquimod (TLR7/8 agonist; Miller et al., 2008; Frega et al., 2020) and 5'ppp-dsRNA (RIG-I 

agonist; Goulet et al., 2013), while antibacterial responses can be induced by LPS (TLR4 

agonist; Tan and Kagan, 2014) and Pam3CysSK4 (TLR2/1 agonist; Du et al., 2019). 

 

 

Figure 1.1: Monocyte-to-macrophage differentiation. Circulating monocytes leave the 

bloodstream and enter tissues in response to changes in environmental cues. In tissues, monocytes 

differentiate into macrophages and phagocytose pathogens. Macrophages possess pattern recognition 

receptors (PRRs) that recognise pathogen-associated molecular patterns (PAMPs) exhibited by 

invading pathogens. PAMP recognition results in a signalling cascade leading to the production and 

release of pro-inflammatory cytokines such as IL-1β and chemokines such as CCL-2. (Images created 

on Biorender.com) 
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1.1.2 Macrophage polarisation  

Macrophages are highly adaptable cells, critical in the maintenance of homeostasis. Influenced 

by their surroundings, macrophages exhibit heterogeneity and can assume distinct physical 

characteristics and immunological functions through a process referred to as polarisation. 

Resting, naïve or simply M0 macrophages, when activated, can polarise into either classical 

(M1) or alternative (M2) phenotypes. M1 and M2 macrophages are associated with pro-

inflammatory and anti-inflammatory environments, respectively (Lendeckel et al., 2022).  Xue 

et al. (2014) argue that the M1 and M2 classification of macrophages is too simplistic. They 

describe the polarisation of macrophages as a wide spectrum, with M1 and M2 macrophages 

representing only the opposite ends (Locati et al., 2020). Macrophage diversity is largely a 

result of signals from environmental stimuli, determined by cytokine release, inflammation, 

and pathogen-associated molecules such as lipopolysaccharides (LPS) and fatty acids 

(Lampiasi et al., 2016; Hirayama et al., 2018). 

Macrophages assume an M1 phenotype during pathogenic invasion, activated usually by 

exposure to microbial products and cytokines such as LPS and interferon-gamma (IFN-γ), 

respectively. Arginine metabolism is downregulated in M1 macrophages to enable the 

inducible nitric oxide synthase (iNOS) pathway, which ensures the production of nitric oxide 

(NO) for an antimicrobial response (Weisser et al., 2013; Lampiasi et al., 2016). M1 

macrophages express the co-stimulatory protein surface markers, cluster of differentiation 

(CD) 80 and CD78, and the MHC class II proteins. CD80 plays an important role in the 

activation and proliferation of T cells, a key step in furthering the immune response against 

pathogens and supporting the inflammatory state (Orlikowsky et al., 1999; Parker, 2018). 

Activated M1 macrophages proceed to exert a robust inflammatory response marked by the 

high production and release of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β, 

and chemokines such as CXCL-10, and CXCL-9, as shown in Fig. 1.2 (Shapouri-Moghaddam 

et al., 2018). The production of pro-inflammatory cytokines and chemokines causes positive 

feedback, recruiting naïve macrophage (M0) into the M1 phenotype and to the infection site. 

This is also accompanied by the production of NO and reactive oxygen species (ROS), 

necessary for eliminating pathogens (Xuan et al., 2015). These events are completed by the 

presentation of antigens to T-cells via the now actively expressed MHC class II, ushering in 

the adaptive immune system. The aggressive response exerted at the early stage of infection by 

M1 macrophages is critical in limiting the spread of pathogens. However, regulation of M1 

macrophages is important to mitigate chronic inflammation, capable of causing tissue damage 
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and inflammatory diseases such as atherosclerosis, inflammatory bowel diseases, etc. (Weisser 

et al., 2013; Martinez and Gordon, 2014; Wang et al., 2014; Porta et al., 2015; Murray, 2017). 

Conversely, M2 macrophages direct opposing functions to M1 macrophages. They are a 

product of the arginase pathways, producing ornithine and urea as by-products (Lampiasi et 

al., 2016). M2 macrophages facilitate the resolution of inflammation, leading the cells into 

wound healing, tissue repair and regeneration by producing anti-inflammatory cytokines such 

as IL-10, resolving the inflammation and cytotoxic environment created by M1 macrophages. 

In addition, they produce factors that facilitate angiogenesis and purging of apoptotic cells as 

captured in Fig. 1.2. (O’Shea and Paul, 2010; Wang et al., 2014; Porta et al., 2015). M2 

macrophages are typically stimulated by the downstream signalling of cytokines such as IL-13 

and IL-4 (Van Dyken and Locksley, 2013; Scott et al., 2023). High expression of surface 

markers such as the mannose receptor CD206, alongside CD163 and CD209, mark M2 

macrophages (Gordon and Martinez, 2010; Wang et al., 2014). CD206 plays a multifunctional 

role in M2 macrophages, including anti-inflammatory tissue repair functions, and pattern 

recognition (Wynn and Vannella, 2016; Sadtler et al., 2023). Prolonged induction of M2 

macrophages can be detrimental, where scarring due to excessive tissue repair leads to organ 

failure. Even worse, the immunosuppressive microenvironment is capable of promoting the 

diversion of immune detection by cancerous cells, enabling tumour growth and metastasis 

(Zhou et al., 2015; Wang et al., 2019).   

M2 macrophages can be further sub-classified into M2a, M2b, M2c and M2d, each expressing 

unique characteristics and functions (Yao et al., 2019). Their functions vary from the 

enhancement of endocytic activity, tissue repair, regulation of the immune response and the 

promotion of tumour progression, respectively (Zizzo et al., 2012; Ferrante et al., 2013; Wang 

et al., 2019; Yao et al., 2019). The polarisation of macrophages is not permanent as it can 

reverse or assume a new phenotype, exerting a different function (Fig. 1.2). This phenomenon, 

facilitated by the changing microenvironment, is vital in maintaining homeostasis (Peng et al., 

2023).  

Maintaining an equilibrium between the M1 and M2 macrophage polarisation states is 

instrumental for not just homeostasis but for overall health outcomes, as disruption has been 

linked to autoimmune diseases, among others (Wang et al., 2014). Prolonged activation of M1 

promotes further inflammation with detrimental impact. Similarly, aberrant activation of M2  
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macrophages caused by oestrogen and progesterone has also been linked to the prevalence of 

autoimmune diseases in women (Routley and Ashcroft, 2009; Menzies et al., 2011; Funes et 

al., 2018). In cancer, M1 macrophages are associated with the promotion of attack towards 

tumours, while activation of M2 macrophages promotes tumour growth. As part of intervention 

strategies, many recent therapies are exploring targeting the ablation of excessive M1 

macrophages in hyper-inflammatory environments to bring balance. This new strategy will 

achieve this by the selective marking and taking out of specific subpopulations of macrophages 

needed to restore M1/M2 balance (Gabrilovich et al., 2012). 

 
Figure 1.2: Macrophage polarisation into the M1 and M2 states. Naïve (M0) macrophages, 

in response to changes in environment, polarise into M1 or M2 macrophages. M1 macrophages are 

associated with inflammation, producing and releasing pro-inflammatory cytokines such as IL-1β and 

chemokines such as CCL-2.  Anti-inflammatory M2 macrophages mediate the resolution of the 

inflammatory state, also leading to wound healing, and tissue repair, in addition to producing and 

releasing anti-inflammatory cytokines.  (Images created on Biorender.com) 

 

1.2 Vitamin D  

1.2.1 Vitamin D origin and metabolism  

Vitamin D is a fat-soluble hormone principal in the absorption of vital minerals such as calcium 

and phosphate, with musculoskeletal functions including bone remodelling and maintaining 
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bone strength (Bell et al., 2010; Snegarova and Naydenova, 2020). Collectively referred to as 

vitamin D, and as captured in Fig. 1.3, cholecalciferol and ergocalciferol represent its two main 

classes. Cholecalciferol originates from the photochemical conversion of 7-dehydrocholesterol 

embedded in the epidermis of the skin of animals as a result of exposure to ultraviolet B 

radiation (UVB; ~300 – 325 nm) - the main source of vitamin D  (White, 2012). Alternatively, 

cholecalciferol can be obtained from animal products with the flesh of fatty fish and fish liver 

oils leading as rich sources. On the other hand, ergocalciferols are obtained primarily from 

dietary sources, mostly occurring in mushrooms and more commonly vitamin D-fortified foods 

(Colotta et al., 2017). 

Regardless of origin, vitamin D is subjected to a two-step modification, converting it into a 

biologically useful compound (Fig. 1.3). It undergoes hydroxylation in the liver, a process that 

converts vitamin D into 25-hydroxyvitamin D3 (25D3; calcidiol) by the cytochrome P450 25-

hydroxylase enzymes CYP27A1 and CYP2R1 (Zhu and Deluca, 2012; Christakos et al., 2016). 

25D3 represents the most occurring and storage form of vitamin D in animals used as a matrix 

for assessing vitamin D status in the body system (Heaney et al., 2009). In the next stage, 25-

hydroxyvitamin D is further converted into its biologically active form 1,25- dihydroxy vitamin 

D3 (1,25D3; calcitriol) by 1α hydroxylase enzyme (CYP27B1) in the kidneys and released into 

circulation. 25D3 and 1,25D3 are both conveyed around the bloodstream bound to the vitamin 

D binding protein (VDBP; White, 2012; Christakos et al., 2016). 
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Figure 1.3: Obtaining biologically active vitamin D. Upon exposure to sunlight, the skin absorbs 

ultraviolet B radiation (UVB), which converts 7-dehydrocholesterol into cholecalciferol also obtainable 

from animal sources such as fatty fish.  Alongside ergocalciferol, obtainable from plant sources such as 

mushrooms, cholecalciferol is further transported through the bloodstream bound to the vitamin D 

binding proteins (VDBP) into the liver where they are converted into 25D3 (25-hydroxyvitamin D3; 

calcidiol) in the presence of 25-hydroxylase enzyme. Also bound to the VDBP, 25D3 is transported to 

the kidney and converted into 1,25D3 (1,25-dihydroxyvitamin D3; calcitriol) in the presence of 1 α 

hydroxylase enzyme. (Images created on Biorender.com). 
 

1.2.2 The Vitamin D receptor and immunomodulatory function in macrophages and 

immunity  

A fundamental change in the understanding of the physiological activity of vitamin D began 

upon the discovery of the extra-renal presence of CYP27B1 and the vitamin D receptor (VDR; 

Lang et al., 2013). VDR belongs to a family of nuclear hormone receptors made up of 

conserved DNA and α-helical binding domains, which upon activation function as a 

transcription factor. In the presence of vitamin D, delivered by the VDBP from blood 

circulation, the VDR is activated through a ligand-receptor interaction. Activated VDR 

proceeds to form a heterodimer with a retinoid x receptor (RXR), which is necessary for 

binding to vitamin D response elements (VDREs) found in the promoter regions of vitamin D 

target genes - enabling gene transcription or inhibition and captured in fig. 1.4 (White, 2012; 

Colotta et al., 2017). 
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Figure 1.4: Activation of the vitamin D receptor. The 25D3 from blood circulation enters the 

cell transported by the vitamin D binding protein (VDBP). The delivered 25D3 is converted into 1,25D3 

by the 1-alpha-hydroxylase (CYP27B1) enzyme and proceeds to bind to the vitamin D receptor (VDR), 

resulting in a conformational change and activation. Activated VDR forms a heterodimer with a retinoid 

X receptor (RXR), which binds to DNA sequences called the vitamin D response element (VDREs), 

leading to the transcription of target genes. (Images created on Biorender.com) 

 

The local presence of VDR, particularly in innate immune cells such as activated dendritic cells 

and macrophages suggests its strong physiological roles indicating 1,25D3 as an endogenous 

immune modulator (Bishop et al., 2021). During pathogen recognition by PRRs and 

phagocytosis in monocytes, CYP27B1 activity was reported to be elevated, indicating an 

increase in the endogenous production of biologically active 1,25D3 (Esteban et al., 2004). This 

could be a result of the capacity of immune cells to convert 25D to 1,25D3 inducing paracrine 

and autocrine production of 1,25D3 (Krutzik et al., 2008).  

The immunomodulatory function of 1,25D3 is inclusive of the promotion of cell differentiation, 

inhibition of cell proliferation and the release of antimicrobial proteins such as cathelicidin 

(Kamen and Tangpricha, 2010; Sanlier and Guney-Coskun, 2022). Most importantly it 

functions in the attenuation of a vigorous pro-inflammatory response, and the inhibition of pro-

inflammatory cytokines such as IL-6 and IL-8.  Additionally, it increases the prevalence of 

anti-inflammatory cytokines such as IL-4 and IL-10 through the activation of the T-helper 2 

(Th 2) cells and inhibition of the Th1 and Th17 cells (Sanlier and Guney-Coskun, 2022). One 
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of the known mechanisms by which 1,25D3 regulates cytokine production is through the 

upregulation of the protein, Inhibitor of kappa B alpha (IκBα), inhibiting NF-κB-mediated p65 

activation (Chen et al., 2013; Colotta et al., 2017). 1,25D3 has also been reported to be involved 

in the regulation of CD4+ T cell function (Mehta et al., 2010), in addition to several other 

studies reporting evidence of 1,25D3 immune modulation in innate immune cells (Cutolo, 

2008; Zhang et al., 2012; Tian et al., 2016; Jadhav et al., 2018; Zhao et al., 2020).  

The association of 1,25D3 deficiency and the susceptibility and/or exacerbation of certain 

diseases have been suggested in multiple studies. A classic example is the relationship between 

the prevalence of diseases such as respiratory infection and varying 1,25D3 levels during 

certain seasons (Cannell et al., 2006; Siddiqui et al., 2020). Additionally, the trigger and 

progression of some cardiovascular and autoimmune diseases such as rheumatoid arthritis (RA) 

have also been linked to the deficiency of 1,25D3 (de la Torre Lossa et al., 2020). The biological 

availability of 1,25D3 via supplementation was suggested to protect against viral infection. 

Meanwhile, many studies equally disproved this claim by demonstrating the lack of correlation 

and the inability to establish dosage (Chadha et al., 2011; Gui et al., 2017; Lin et al., 2017; 

Loeb et al., 2019). 

1,25D3 has long been a potential agent for monocyte-to-macrophage differentiation (Schwende 

et al., 1996). Studies have reported that during monocyte-to-macrophage differentiation, 

1,25D3 interaction with VDR initiates transcriptional changes that support differentiation 

(Schwende et al., 1996; Daigneault et al., 2010; Rynikova et al., 2023). 1,25D3 supplementation 

has been reported to enhance cell adherence and support differentiation by actively taking part 

in regulating the expression of adhesion molecules and cytoskeletal proteins (Oghogho Omage 

et al., 2024). Often referred to as a physiological agent for macrophage differentiation  

(Svetlana et al., 2018), 1,25D3 has also been reported to elevate the expression of CD14, CD11b 

and CD36, which primes monocytes for differentiation (Adams and Hewison, 2008; Van den 

Bossche et al., 2017). 

1.3 THP-1 Cell line: In vitro model for studying macrophages  

1.3.1 THP-1 origin and function  

Amongst the multiple ways to study macrophages in vitro, it is logical to assume that the most 

accurate approach would be through their isolation from the tissue of interest. This approach, 

however, requires a considerable amount of blood obtainable through donations or other 

invasive methods such as biopsy of the target tissue (Jensen et al., 2021; Rynikova et al., 2023). 
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Regardless of the isolation procedure, macrophages isolated from tissue are usually present in 

low amounts, with low proliferation capacity (Daigneault et al., 2010). Hence, immortalised 

cell lines have become a more suitable alternative model for studying macrophage biology, 

with well-known examples such as THP-1, U937 and HL-60 (Rynikova et al., 2023). 

Since the first successful establishment in 1951, human-derived cell lines have been 

instrumental in research developments such as advancing vaccine development, cancer and 

genetic research, better understanding of drug mechanisms etc. (Sarntivijai et al., 2014) THP-

1 is a promonocytic cell line, isolated from the peripheral blood of a 1-year-old acute monocytic 

leukaemia patient and was first established by Tsuchiya et al. (1980). It is a widely used model 

for studying monocyte and macrophage biology for its homogeneity, ease of maintenance, 

proliferation, and ability to respond to various stimuli through monocyte signalling pathways 

(Baxter et al., 2020). The ability to store THP-1 cells indefinitely in liquid nitrogen without an 

impact on cell viability and biology adds a point to its preference, especially when compared 

to primary macrophages that come with the challenge of accessibility, variability from donors 

and a high chance of contamination with other cells. THP-1 cells differentiate into macrophage-

like cells with morphology characteristics mimicking human primary macrophages and are 

thus used extensively in studying the function, signalling patterns and pathways, and the 

functional implications of macrophage polarisation (Qin, 2012; Chanput et al., 2014). 

1.3.2 THP-1 differentiation protocol and experimental outcomes 

The convenience of using cell lines such as THP-1 for macrophage studies also comes with 

setbacks. Results obtained may fail to accurately represent primary tissue macrophages. Many 

protocols for THP-1 macrophage differentiation have been developed over the years, each 

attempting to produce macrophages with the best comparison to primary macrophages in 

morphology, physiological and pathological characteristics and function (Daigneault et al., 

2010; Murray, 2017). Several differentiation agents have been reported to be used to obtain 

macrophages. Examples include retinoic acid, 1,25D3, cytokines e.g. TNF-α and IFN-γ; and 

the most reported, phorbol-12-myristate-13-acetate (PMA; Schwende et al., 1996; Chen and 

Ross, 2004; Humeniuk-Polaczek and Marcinkowska, 2004).  

Introducing PMA to the well-rounded single suspended THP-1 cells causes them to adopt a 

highly adherent nature, as an initial stage of the monocyte-to-macrophage differentiation. PMA 

is a phorbol ester that mimics a diacylglycerol (DAG) and activates protein kinase C (PKC) by 

binding to its C1 domain. Activated PKC initiates intracellular signalling pathways such as the 
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NF-κB signalling pathway causing changes in gene expression leading to morphological and 

functional shifts (Liu and Heckman, 1998).  Complete differentiation is defined by the 

morphological transformation of THP-1 cells into a flat, amoeboid-shaped macrophage with 

reduced proliferation, increased rate of phagocytosis and surface expression of CD11b and 

CD14  (Schwende et al., 1996; Qin, 2012).  

Various concentrations of PMA have been used in different studies to obtain macrophages in 

vitro (Table 1). These concentrations varied from as low as 6 nM to as high as 500 nM with 

incubation times in culture medium ranging from 3 to 72 h followed by varying resting periods 

in some studies. Most of the high PMA concentration protocols reported cell adherence and 

the assumption of a macrophage-like morphology (Park et al., 2007; Daigneault et al., 2010; 

Spano et al., 2013; Tulk et al., 2015; Lund et al., 2016). However, it was also reported in 

multiple studies that the macrophages obtained went straight into an M1-activated phenotypic 

state, as seen by the aberrant expression of inflammatory markers amongst genes at baseline. 

The expression of these inflammatory markers was directly proportional to the increase in the 

concentration of PMA used (Maeß et al., 2014; Lund et al., 2016). This proved to be 

problematic as the baseline expression of inflammatory markers, amongst others, can mask the 

true biological outcomes of the investigation at hand. For example, such a baseline-activated 

state may overshadow any small expression changes expected from an applied stimulus in 

culture (Park et al., 2007; Lund et al., 2016). 

In an attempt to circumvent the problem, lower concentrations of PMA have been explored by 

more recent studies in a dose-dependent manner. In their study, Park et al. (2007) reported that 

5 ng/ml PMA was sufficient to cause stable THP-1 differentiation into macrophages without 

the baseline expression of inflammatory markers previously recorded at 25 - 100 ng/ml PMA 

concentrations. The macrophages obtained were reported to be responsive to low-concentration 

stimuli. Conversely, other studies have reported that the use of lower PMA concentrations (6 

nM and 30 nM) led to a partial restoration of proliferative activity. In other words, a de-

differentiation was observed with (Spano et al., 2013) or without (Lund et al., 2016) the 

withdrawal of PMA from the culture medium. In addition to the baseline inflammatory state 

reported following differentiation with higher concentrations of PMA, the macrophage priming 

impacts the distinct polarisation into an M2 phenotypic state. Macrophages differentiated with 

high PMA concentration failed to upregulate markers of M2 macrophages such as C-C Motif 

Chemokine ligand 17 (CCL17) and Arachidonate 15-lipoxygenase (ALOX15) after 

polarisation (Baxter et al., 2020; Chanput et al., 2014). 
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Additionally, time in culture and subsequent rest periods in a PMA-free medium were all 

factors that were said to influence THP-1 differentiation and the subsequent polarisation 

process (Aldo et al., 2013; Starr et al., 2018). Baxter et al. (2020) reported that a 72-h resting 

period in fresh medium following 24 h in culture with PMA may result in the reduction of 

interferon regulatory factor 1 (IRF 1) and signal transducer and activator of transcription 1 

(STAT1) expression, which enables polarisation into an M2 phenotype. This was, however, 

not the case when cells were rested in a PMA-free medium for just 24 h.  

Despite being the most widely used cell line for macrophage study in vitro, there is no agreed-

upon standard for the THP-1 macrophage differentiation protocol. In vitro studies are an 

essential part of the initial stages of biological research, reflecting an in vivo environment. It is 

an important stage in the attempts to understand the physiology, pathology, overall behavioural 

characteristics of biological phenomena, and response to treatment of any kind. For this reason, 

the development and utilisation of the most applicable experimental protocol in a biological 

condition needs to be adopted. The inconsistencies and inability to reproduce results due to 

differing THP-1 differentiation protocols reported in multiple studies over time need to be 

standardised. 
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Table 1: Effect of PMA concentration on THP-1 macrophage differentiation outcome 

PMA 

concentration 

Culture 

 time (h) 

Rest  

period (h)  

Confirmatory  

method 

Outcome Reference 

8 nM 48 0 – 120  qPCR 

Flow cytometry  

● TNF-α expression was elevated with increasing PMA concentration 

without additional stimulation. 

● After LPS stimulation, TNF-α expression was directly proportional to the 

increasing PMA concentration. 

● Regardless of rest period, 8 - 25 nM PMA responded similarly to weak and 

strong LPS stimulation. 

● Weak LPS stimulation was masked in cells differentiated with 50 nM and 

above.  

(Lund et al., 2016) 

25 nM 

50 nM 

100 nM 

200 nM 

200 ng/ml 24 - Flow cytometry ● CD11b and CD14 had the lowest expression in THP-1 differentiated for a 

day compared to cells differentiated for 5 days.  

(Starr et al., 2018) 

48 - 

6 nM 72 - Flow cytometry ● Cell adherence was increased with an increase in PMA concentration 

● 30 nM of PMA caused an intermediary level of differentiation having a 

heterogeneous population  

● Withdrawal of PMA after 72h in culture caused detachment of cells, 

apoptosis and interesting appearance of a dendritic cell-like morphology  

(Spano et al., 2007) 

30 nM 

60 nM 

30 nM 24 - qPCR 

Flow cytometry 

● 30 nM PMA cause differentiation into immature macrophages with no full 

adherence and retainment of spherical shape 

● 100 nM gave mature macrophages that were adherent with flat microvilli 

projections  

(McCartan et al., 

2015) 100 nM 48 24 
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Table 1: Effect of PMA concentration on THP-1 macrophage differentiation outcome continued  

PMA 

concentration 

Culture 

 time (h) 

Rest  

period (h)  

Confirmatory  

method 

Outcome Reference 

15 nM 24 24 qPCR ● Differentiated macrophages showed adherence and a decrease in 

proliferation.  

● They also expressed JAK-STAT1 signature genes.  

(Melbourne et al., 

2020) 

50 ng/ml 72 24 qPCR 

Flow cytometry 

● Differentiated macrophages showed a decrease in monocyte surface 

marker CD14 and an increase in macrophage surface markers CD11b, 

CD11c and CD86.  

(Rojas et al., 2016) 

50 ng/ml  48 72 qPCR 

Flow cytometry 

● Differentiated macrophages formed a heterogenous population having both 

round and spindle-shaped cells  

(Shiratori et al., 

2017) 

10 nM 72 72 

 

qPCR 

Flow cytometry 

● 99.5% of differentiated macrophages had CD11b surface marker 

expression 

● Differentiated macrophages were responsive to M1 and M2 activation.  

(Suski et al., 2020) 

10 ng/ml 24 48 qPCR 

Flow cytometry 

● PMA treatment caused cell adherence with a flat and amoeboid shape 

presentation 

● M1 and M2 macrophages obtained expression of CXCL-10 and CD206 

respectively. 

(Morón-Calvente et 

al., 2018) 
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1.4 Study rationale and hypothesis  

So far, PMA is arguably the most reliable option for THP-1 differentiation. Hence, PMA-based 

protocols must be optimised and standardised. This can be achieved by exploring possible ways 

of mitigating its limitations and augmenting its capacity to cause differentiation. One such 

method was explored by (Valdés López and Urcuqui-Inchima, (2018), who studied the 

potential of combining low-dose PMA with 1,25D3 to cause differentiation in the U937 cell 

line. 1,25D3 as a sole differentiation agent only caused minimal expression of CD11b and 

CD14 and failed to induce the morphology characteristics associated with mature macrophages 

(Daigneault et al., 2010; Rynikova et al., 2023; Mol et al., 2024). Nevertheless, its capacity to 

manage inflammation amongst other immunomodulatory functions captured earlier indicates 

its propensity to enhance a low-concentration PMA-based differentiation of THP-1 cells to 

obtain macrophages closely related to primary macrophages in morphology, physiology and 

response to treatment. We, therefore, hypothesised that a low-dose PMA-based differentiation 

protocol in the presence of 1,25D3 would yield functional, naive macrophages (M0) that could 

be polarised into either the pro-inflammatory (M1) or anti-inflammatory (M2) phenotype.  

1.5 Aim 

The aim of this study was thus to evaluate the impact of 1,25D3 on low-dose PMA-based THP-

1 monocyte-to-macrophage differentiation, polarisation and functional potential.  

1.6 Objectives  

To achieve the aim, the following objectives were followed: 

1. To differentiate promonocytic THP-1 cells into M0 macrophages  

2. To polarise M0 macrophages into M1 and M2 phenotypes  

3. To activate M0, M1 and M2 macrophages, through the PRR, RIG-I, in the presence and 

absence of 1,25D3 

4. To quantify gene expression of the inflammatory markers RIG-I, IL-1β, IL-10, CXCL -

10, and CCL-2. 
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CHAPTER 2: METHODOLOGY   

2.1 THP-1 cell revival, culture and maintenance 

To study the impact of 1,25D3 during PMA-based differentiation on macrophage polarisation 

and function, THP-1 cells were used as a model due to their functional versatility in 

macrophage studies. One million cryopreserved cells of the human monocytic THP-1 cell line 

(Passage 23) gifted to the laboratory by Dr H Ranchod were revived in 5 ml Roswell Park 

Memorial Institute 1640 medium (RPMI; Pan Biotech Aidenbach, Germany) supplemented 

with 20% (v/v) foetal bovine serum (FBS; Pan Biotech) and 1% (v/v) penicillin-streptomycin 

(p/s) cocktail (Sigma Aldrich St. Louis, Missouri). The FBS and p/s mixture provides the cells 

with the essential nutrients and growth factors required for cell growth, proliferation and 

maintenance while creating a bacterial-free environment, respectively (Ryu et al., 2017; S. Liu 

et al., 2023). The cells were incubated at 37 °C in 5% CO2 in an 80% humidified incubator to 

about 60% confluency. Once revived and confluent, the RPMI medium was adjusted to contain 

10% FBS and 1% p/s for continuous cell growth and maintenance, mirroring a more natural 

environment. Cell cultures were maintained at a concentration of 5 x 105 cells/ml of media. 

Cell viability was routinely assessed using the trypan blue exclusion assay.  

2.2 Trypan blue exclusion assay 

Prior to differentiation, cell viability was assessed using a trypan blue assay with the aid of 

a Countess II FL automated cell counter (Invitrogen, Massachusetts). The trypan blue 

exclusion assay is based on the principle that dead cells are unable to exclude dyes such as 

trypan blue, propidium and eosin, due to compromised cell membranes. Therefore, non-viable 

cells appeared dark, while viable cells appeared clear (Strober, 2015). The Countess II FL 

automated cell counter uses electrical impedance to analyse the cell images to rapidly count 

the cells in suspension (Vembadi et al., 2019). To perform the assay, a 1:1 ratio of cell in 

suspension to 1X trypan blue solution (Sigma Aldrich, St. Louis, Missouri) was loaded onto 

the countess haemocytometer and placed into the countess II FL automated cell counter.  

2.3 Differentiating THP-1 cell line into naïve macrophages  

To differentiate the THP-1 cells into naïve macrophages (M0), 3 x 106 viable THP-1 cells were 

plated in 60 x 15 mm culture dishes (Sigma Aldrich St. Louis, Missouri) at a concentration of 

5 x 105 cells/ml per plate in 6 ml 10% FBS and 1% p/s RPMI. Cells were then treated with 5 

nM PMA in the presence or absence of 10 nM 1,25D3. The working concentration of PMA was 
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prepared by first dissolving the purchased PMA (Sigma Aldrich St. Louis, Missouri) in 

dimethyl sulfoxide (DMSO; Sigma Aldrich St. Louis, Missouri) to a stock concentration of 1 

mM. The stock solution was further diluted in tissue culture media to a concentration of 5 µM 

prior to use, to dilute out the DMSO.  6 µl of the 5 µM PMA working solution was added to 

each plate to effectively differentiate the cells with a final concentration of 5 nM PMA. 

Similarly, the purchased 1,25D3 (Sigma Aldrich St. Louis, Missouri) was first prepared by 

dissolving it in 100% molecular grade ethanol (Sigma Aldrich St. Louis, Missouri) to a stock 

concentration of 5 µM. 12 µl of the 5 µM 1,25D3 was added to plates designated for 

differentiation in the presence of 1,25D3 to effectively differentiate the cells in the presence of 

a final concentration of 10 nM 1,25D3. After incubation for 24 h the cell culture media was 

discarded, and the now adherent cells were washed with 2 ml pre-heated (37 °C) 1X phosphate-

buffered saline (PBS; Tocris Biosciences, Bristol, United Kingdom) consisting of 137 mM 

sodium chloride, 2.7 mM potassium chloride, and 11.9 mM phosphate buffer (pH 7.5). Washed 

cells were then re-supplemented in 10% FBS, 1% p/s RPMI with or without 10 nM 1,25D3. 

Cells were incubated at 37 °C in 5% CO2 in an 80% humidified incubator for a 72-hour resting 

period.  

2.4 Microscopic confirmation of monocyte to macrophage differentiation 

To confirm the differentiation of THP-1 cells into M0 macrophages, the tissue culture media 

was poured off and cells were washed with 2 ml pre-heated PBS at room temperature. PBS (2 

ml) was added to the plates, and changes in cell morphology were visualised and captured using 

the EVOS FLoid Imaging System (Invitrogen, Waltham, Massachusetts) with a fixed 20X 

objective and 460X magnification.  

2.5 Polarisation of naïve macrophages into M1 and M2 phenotypes  

To obtain a polarised macrophage, following the complete 96-hour differentiation protocol, the 

media was replaced with fresh 10% FBS and 1% p/s RPMI and the M0 macrophages were 

immediately polarised into M1 or M2 macrophages. To polarise into the M1 phenotype, 

macrophages were treated with 100 ng/ml LPS (Sigma Aldrich St. Louis, Missouri) and 20 

ng/ml of IFN-γ (Darmstadt, Germany) and incubated for 24 h (Nygaard et al., 2022). To obtain 

the M2 phenotype macrophages were treated with 20 ng/ml of IL-4 (Sigma Aldrich St. Louis, 

Missouri) and 20 ng/ml of IL-13 (Sigma Aldrich St. Louis, Missouri) in 10% FBS, 1% p/s 

RPMI and incubated for 48 h (Genin et al., 2015). 
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2.6 Cell harvesting 

To confirm the polarisation state and quantify changes in gene expression, adherent 

macrophages had to be removed from the cell culture plates. To harvest cells, the cell culture 

media were poured from the plates and the plates washed with 2 ml pre-heated PBS at room 

temperature. The cells were then incubated in 1 ml 0.25% Trypsin-EDTA PBS for 3 min at 37 

°C to detach the cells.  To stop the enzymatic activity, 1 ml 10% FBS in RPMI was added, 

followed by gentle scraping using a cell scraper (Sigma Aldrich St. Louis, Missouri) to ensure 

complete removal of all the macrophages from the culture plate. The cell suspension was then 

subjected to centrifugation at 500 x g for 5 minutes at room temperature to obtain cell pellets. 

Cells were aliquoted and counted, and viability was assessed as described in section 2.2. The 

counted and aliquoted cells were either used immediately for flow cytometry, at room 

temperature, or snap-frozen in liquid nitrogen and stored for RNA extraction. 

2.7 Flow cytometry  

To confirm polarisation, the expression of the M1 and M2 macrophage surface markers, CD80 

and CD206, respectively, was quantified using flow cytometry. After harvesting, cells were 

distributed into a 96-well plate (1 x 106 cells per condition in duplicate). The cell surface Fc 

receptors were blocked by adding 100 µl of 10% (v/v) heat-inactivated human serum in PBS 

to each well for 1 minute. The blocking solution was pipetted out of the wells after 

centrifugation at 500 x g for 5 minutes. The cells were resuspended in 100 µl of 1.5% (w/v) 

paraformaldehyde in PBS and incubated for 30 minutes to fix the cells. Fixing the cells is 

essential for maintaining cell structure and shape (Covarrubias et al., 2019). A 5X diluted 

antibody mix was made by diluting 1 part antibody in 5 parts 1% (w/v) bovine serum albumin 

in PBS (BSA/PBS) and then added to the cells and incubated for 30 minutes. The antibodies 

used included allophycocyanin (APC) -conjugated monoclonal anti-human CD80 Antibody 

(BioLegend, San Diego, California) and fluorescein isothiocyanate (FITC)-conjugated 

monoclonal anti-human CD206 (MMR) antibody (BioLegend, San Diego, California) with 

wavelength excitation and emission at 675/25 nm and 533/30 nm, respectively. Finally, stained 

cells were washed twice in 100 µl 0.1% (v/v) Triton X in PBS at 800 x g for 8 minutes 

and resuspended in 1% (w/v) BSA in PBS. The median fluorescence intensity (MFI) of 50,000 

cells was captured alongside that of unstained cells serving as the auto-fluorescence control on 

a BD Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, New Jersey). The 
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experiment was repeated on three biological replicates with two technical repeats for each 

experiment. 

2.8 Gene expression 

2.8.1 RNA extraction 

To quantify the expression of inflammatory mediators, RNA was extracted from frozen M0, 

M1 and M2 macrophage cell pellets (1 x 106) using the Direct-zol RNA Miniprep kit (Zymo 

Research, Irvine, CA, USA). Each pellet was lysed in 700 µl of Trizol reagent followed by the 

addition of 700 µl of 100% (v/v) molecular grade EtOH (Sigma Aldrich St. Louis, Missouri). 

The solution was transferred into a Zymo-spin IICR column in a collection tube and centrifuged 

at 10 000 × g for 30 seconds at 4 °C. The centrifugation speed and temperature were maintained 

throughout the experiment. The resulting flow-through was discarded. DNase I treatment 

followed to remove any contaminating DNA. This involved the addition of 5 µl of DNase I 

and 75 µl of DNA digestion buffer complex directly to the column and incubating for 15 

minutes at 25°C. RNA pre-wash (400 µl) was added to the column, the column was centrifuged, 

and the flow-through was discarded. The RNA-prewash was performed twice followed by an 

RNA wash with 700 µl of the RNA wash buffer, and centrifugation this time for 2 minutes. To 

elute the isolated RNA, the column was transferred into a 2 ml microcentrifuge tube and 30 µl 

of nuclease-free water (BioConcept, Allschwil, Switzerland) was added and centrifuged for 1 

minute. The extracted RNA was stored at -80°C. 

2.8.2 RNA purity and integrity  

To confirm the quality of the extracted RNA, RNA purity was determined by an A260/A280 

ratio of approximately 2.0 as well as an A230/A260 ratio in the range of 2.0 – 2.2, as determined 

using a Nanodrop One Spectrophotometer (Thermo Fisher Scientific, Waltham, 

Massachusetts). The RNA integrity of each sample was confirmed by gel electrophoresis with 

1% (w/v) agarose in 1X tris-borate-EDTA (TBE) buffer. The TBE buffer was made with 2 mM 

ethylenediaminetetraacetic (EDTA), distilled water, 89 mM of Trizma base and boric acid 

(Sigma Aldrich St. Louis, Missouri). To enable visualisation of RNA bands after 

electrophoresis, 0.6 µg/ml ethidium bromide (Sigma Aldrich St. Louis, Missouri) was added 

to the agarose gel. 500 ng of total RNA extracted from each sample was loaded on the gel and 

subsequently loaded for electrophoresis at 100V for 1 h. Upon completion of electrophoresis, 

gels were viewed on the Gel Doc XR+ (BioRad, Hercules, California) to observe the bands 

representing the 28S and 18S rRNA that supports intact RNA.  
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2.8.3 cDNA synthesis  

To obtain cDNA, the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 

Waltham, Massachusetts) was used to convert 250 ng of intact and pure RNA obtained from 

each sample into complementary DNA (cDNA). The manufacturer's protocol was followed to 

prepare the cDNA reaction (Table 2.1). cDNA synthesis was completed following a 60-minute 

incubation period at 42 °C, and subsequent incubation at 70 °C for 5 minutes to terminate the 

reaction. cDNA obtained was used immediately for quantitative PCR (qPCR). 

Table 2.1: cDNA synthesis reaction preparation 

Component Volume (µl) 

Template RNA The volume that gives 250 ng 

Oligo (dT) Primer 1 

Nuclease Free Water Up To 12 

5x Reaction Buffer 4 

RiboLock RNase Inhibitor 1 

10 mM dNTP Mix  2 

RevertAid RT  1 

Final Volume  20 

 

2.8.4 Quantitative PCR (qPCR) 

Quantitative PCR was used to measure the gene expression of the inflammatory mediators 

RIG-I, IL-1β, CXCL-10, CCL-2 and IL-10 (Table 2.2). Primers for all the genes considered 

were designed using Primer3 (https://primer3.ut.ee/) except for the tyrosine 3 

monooxygenase/tryptophan 5-monooxygenase activation protein zeta (YWHAZ) and ubiquitin 

C (UBC) primer sequences, which were obtained from Vandesompele et al. (2002). Each 

treatment condition was assessed in three biological replicates with two technical replicates for 

each sample. YWHAZ and UBC were selected as housekeeping genes for their stable expression 

in macrophages (Vandesompele et al., 2002; Oturai et al., 2016). Tris-EDTA buffer was used 

to reconstitute lyophilised primers (IDT Coralville, Iowa) into 100 µM stocks, which were 

diluted down into 10 µM working stock with nuclease-free water. To prevent freeze-thaw 

cycles, aliquots were made and stored at -20 °C. Primer efficiencies were determined with a 

serial dilution of cDNA for each gene of interest.  A standard curve was plotted with the average 
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CT values against the log of the cDNA concentration. Using the slope, the primer efficiency 

was determined using the formula below:   

Efficiency (%) = (10
−

1

𝑠𝑙𝑜𝑝𝑒 − 1)  𝑋 100 

 

For all the genes of interest, the efficiency ranged between 95% and 105%. A Luna Universal 

qPCR Master Mix (NEB Ipswich, Massachusetts) was used to prepare the qPCR reactions 

containing primers for each of the genes considered (Table 2.3). Amplification (Table 2.4) and 

melt curve analysis followed using a CFX96 Touch Real-Time Detection System (Bio-Rad, 

Hercules, California). After a complete qPCR run, the baseline threshold was adjusted to 50 

for all runs while obtaining the cycle threshold (CT) values. The normalised expression was 

determined with the Δ CT method using two reference genes by means of the following 

equation: 

Normalized Expression = 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑜𝑓 𝐺𝑒𝑛𝑒 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 (𝑌𝑊𝐻𝐴𝑍) 𝑋 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 (𝑈𝐵𝐶)
 

Where, 

Relative quantity = Efficiency of primer (𝐶𝑞𝑚𝑖𝑛−𝐶𝑞𝑚𝑎𝑥) 

 

 The normalised expression values were subjected to further statistical analysis. 

Table 2.2: Primer sequences used for gene expression analysis 

Gene Protein Encoded Primer sequence (5 '- 3 ') 
UBC Ubiquitin C F: ATTTGGGTCGCGGTTCTTG 

R: TGCCTTGACATTCTCGATGT 

YWHAZ Tyrosine 3-

Monooxygenase/Tryptop

han 5-Monooxygenase 

Activation Protein, Zeta 

F: ACTTTTGGTACATTGTGGCTTCA 

R: CCGCCAGGACAAACCAGTAT 

 

RIG-I Retinoic acid-Inducible 

Gene I 

F: TGTGCTCCTACAGGTTGTGGA 

R: CACTGGGATCTGATTCGCAAAA 

IL-1β Interleukin-1 beta F: TCGCCAGTGAAATGATGGCT 

R: GGTCGGAGATTCGTAGCTGG 

CXCL-10 C-X-C Motif Chemokine 

Ligand 10 

F: TCTAAGTGGCATTCAAGG AGT 

R: TCAGACATCTCTTCTCACCC 

CCL-2 C-C Motif Chemokine 

Ligand 2 

F: CCCAAAGAAGCTGTGATCTTCA 

R: TGTGGAGTGAGTGTTCAAGT 

IL-10 Interleukin-10 F: GCCTAACATGCTTCGAGAT 

R: GCAACCCAGGTAACCCTTA 
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Table 2.3: qPCR master mix preparation  

Component Gene Volume (µl) Final concentration 

Luna Universal qPCR 

Master Mix  

 5 1x 

Forward primer  RIG-I, YWHAZ, CCL-2, 

TNF-α 

0.25 250 nM  

IL-1β 0.2 200 nM 

IL-10 0.4 400 nM 

CXCL-10 0.15 150 nM 

UBC 0.12 120 nM 

Reverse primer RIG-I, YWHAZ, CCL-2, 

TNF-α 

0.25 250 nM  

IL-1β 0.2 200 nM 

IL-10 0.4 400 nM 

CXCL-10 0.15 150 nM 

UBC 0.12 120 nM 

Template DNA  0.5   

Nuclease-free water  To 10  

 

Table 2.4: Thermal cycling conditions for gene expression analysis  

Cycle step Temperature (°C) Time (Seconds) Cycles 

Initial Denaturation 95  60 1 

Denaturation 95  15 40 

Annealing and extension 60  30  

Melt Curve  60 – 95  5 1 

 

2.9 Treatment conditions and transfection 

To mimic a viral response, M0, M1, and M2 macrophages were transfected with 5’ triphosphate 

double-stranded RNA (5'ppp-dsRNA), a RIG-I agonist, for 2 hours. Each phenotype had three 

treatment conditions comprising of the untreated control, the 5'ppp-dsRNA transfected cells 

and the negative transfection control. RIG-I signalling was induced through transfection with 

1 µg/ml 5'ppp-dsRNA (InvivoGen San Diego, California). To achieve transfection, 5'ppp-
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dsRNA was added to 100 µl of Lyovec (InvivoGen San Diego, California), a lyophilised lipid-

based transfection reagent, to form a transfection complex. The complex was incubated at 25 

°C for 1 h before being added to the cells. To account for the effects of transfection, a negative 

transfection control was included where 100 µl of lyovec without 5'ppp-dsRNA was added. 

Changes in gene expression were determined as described in section 2.8.  

2.10 Data analysis 

IBM SPSS Statistics 29.0.2.0 (20) software was used to perform all statistical analyses. 

Technical repeat outliers from flow cytometry and RT-qPCR data were removed before 

analysis. To assess the differences in surface marker expression and inflammatory mediator 

expression between M0, M1 and M2 macrophages and in response to RIG-1 stimulation, one-

way Analysis of Variance (ANOVA) was performed with Fisher’s LSD post hoc comparisons 

(n = 3). To meet the assumption of a one-way ANOVA, Levene’s test for equality of variance 

was also evaluated. A p-value of < 0.050 was considered significant.   
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CHAPTER 3: RESULTS 

3.1 THP-1 cells differentiated in the presence of 1,25D3 exhibited macrophage-like 

morphology  

To confirm differentiation, microscopy was used to visualise THP-1 cells (Fig. 3.1A) 

differentiated with 5 nM PMA in the absence (Fig. 3.1B) and presence (Fig. 3.1C) of 10 nM 

1,25D3 for 96 hours. Regardless of the differentiation protocol, macrophages exhibited strong 

cell adherence and flattening, and increased size relative to the slightly oval-shaped and 

smooth-surfaced undifferentiated THP-1 cells. In the absence of 1,25D3, differentiated 

macrophages showed an increase in size and irregularity in shape. However, the presence of 

1,25D3 caused macrophages to appear larger and adopt an amoebic shape with elongated 

spindle-like projections, which are morphological characteristics associated with primary 

macrophages as seen in Fig. 3.1D (TMS, 2019). Notably, differentiation significantly (Fig 3.2: 

p < 0.050) impacted cell viability regardless of the protocol used. Nonetheless, macrophage 

viability remained above 90% in both cases.  

 

 

 

 

 

 

Figure 3.1: THP-1 macrophage differentiation was enhanced with 1,25D3. Micrographs 

showing the morphological characteristics of THP-I monocytes (A) and alterations following 

differentiation. The differentiation entails the use of 5 nM phorbol 12-myristate 13-acetate (PMA) in 

the absence (B) and presence (C) of 10 nM 1,25D3 for 96 h to obtain mature macrophages, which were 

compared to primary macrophages (D; primary macrophage image taken from TMS-lab.com).  

 

A 
B 
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Figure 3.2: Differentiation of THP-1 cells reduced cell viability.  
An error bar plot showing the percentage cell viability of undifferentiated THP-I cells compared to M0 

macrophages obtained from the differentiation of THP-I cells with 5 nM PMA in the absence (pink) 

and presence (blue) of 10 nM 1,25D3. A one-way ANOVA confirmed the overall variance in viability 

between undifferentiated and differentiated cells, with pairwise LSD comparisons shown relative to the 

undifferentiated cells (*p < 0.050, ** p < 0.010). Error bars show the 95% CI (n = 3).  

 

 

3.2 The presence of 1,25D3 during differentiation supports polarisation into both M1 and 

M2 phenotypes 

To assess the effect of 1,25D3 during differentiation on macrophage polarisation, a flow 

cytometric analysis was employed. Exposure of naïve macrophages to IFN-γ and LPS resulted 

in a significant increase in CD80 levels compared to the control and cells treated with IL4 and 

IL13, regardless of whether these macrophages were derived from THP-1 in the presence or 

absence of 1,25D3 (Fig. 3.3A and B; p < 0.010). In fact, there was no significant difference in 

CD80 levels between macrophages derived from THP-1 differentiated in the presence or 

absence of 1,25D3 upon treatment with IFN-γ and LPS. However, macrophages derived from 

THP-1 in the absence, but not in the presence, of 1,25D3 also showed a significant increase in 

CD206 expression upon treatment with IFN-γ and LPS (Fig.3.3C; p < 0.050). Similarly, 

exposure of naïve macrophages to IL-4 and IL-13 resulted in a significant increase in CD206 

levels compared to the control, regardless of whether these macrophages were derived from 

THP-1 in the presence (p < 0.050) or absence (p < 0.010) of 1,25D3 (Fig. 3.3C and D). Again, 

no significant difference was observed in CD206 levels between macrophages derived from 

THP-1 in the presence or absence of 1,25D3 upon treatment with IL-4 and IL-13. However, the 

CD206 levels in macrophages derived from THP-1 in the presence, but not in the absence, of 

1,25D3 was significantly higher in cells treated with IL-4 and IL-13 compared to those treated 

with IFN-γ and LPS (Fig. 3.3D; p < 0.050). Notably, cell viability was not significantly 
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impacted in response to treatments, regardless of whether cells were differentiated in the 

presence or absence of 1,25D3 (Fig. 3.4) 
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Figure 3.3: The presence of 1,25D3 during differentiation supports distinct polarisation 

states. Error bar plot showing the changes in the expression of M1 (CD80) and M2 (CD206) 

polarisation markers in THP-1-derived naïve macrophages (control) obtained through treatment 

of THP-1 cells with 5 nM PMA in the absence (A and C) presence (B and D) of 10 nM 1,25D3 

following exposure to either 20 ng/ml IFN-γ and 100 ng/ml LPS (M1-inducing agents) or 20 ng/ml IL-

4 and IL-13 (M2-inducing agents). A one-way ANOVA was used to determine significant differences, 

followed by an LSD post-hoc test. Pairwise comparisons are shown relative to the control (*p < 0.050, 

** p < 0.010, *** p < 0.001) and between treatments (• p < 0.050, •• p < 0.010, ••• p < 0.001). Error 

bars show the 95% CI (n = 3). 

 

 

 

 

A B 

C D 

Control 

Control Control 

Control IFN-γ + LPS IL-4 + IL-13 IFN-γ + LPS IL-4 + IL-13 
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Figure 3.4: Polarisation into M1 and M2 macrophages did not impact cell viability. Error 

bar plots showing the percentage cell viability of M1 and M2 macrophages derived from THP-1 

differentiated with 5 nM PMA in the absence (pink) and presence (blue) of 10 nM 1,25D3. Error bars 

show the 95% CI (n = 3). 
 

3.3 Gene expression  

3.3.1 Quality control 

To confirm that the isolated RNA was pure and free from contamination (including phenols), 

the A260/280 and A260/230 ratios were determined. The A260/280 and A260/230 ratios 

ranged between 1.8 - 2.0 and 2.0 - 2.2, respectively. Gel electrophoresis was also employed to 

assess the integrity of the isolated RNA, which was indicated by the appearance of the 28S and 

18S rRNA subunits, as two distinct bands on the gel (Fig. 3.5).  However, the 2:1 band intensity 

ratio of 28S and 18S was not observed (Appendix 1). A 3% agarose gel electrophoresis was 

employed to confirm that amplicons of the expected size were amplified during RT-qPCR for 

all the gene transcripts considered (Fig. 3.6). Single PCR products (Fig. 3.6 and 3.7) were 

obtained for all genes with, sizes matching that predicted using in silico PCR 

(https://genome.ucsc.edu/cgi-bin/hgPcr). Furthermore, no products were amplified in the no-

template controls (NTCs).  

 

 

 

 

 

https://genome.ucsc.edu/cgi-bin/hgPcr
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Figure 3.5:  A representative image of an agarose gel for extracted RNA. An agarose gel 

showcasing two distinct bands representing the 28s and 18s rRNA subunits, indicating the integrity of 

the RNA extracted.  

 

 

 

Figure 3.6: A representative agarose gel showing the RT-qPCR products following 

amplification. Image of representative 3% agarose gel displaying the RT-qPCR products obtained 

following amplification of reference genes (YWHAZ and UBC) and target genes considered (RIG-I, IL-

1β, CCL-2, CXCL-10 and IL-10). Each product had a single band with base pair sizes corresponding to 

the expected sizes, as measured with a TriDye Ultra-low range DNA ladder (New England Biolabs, 

Ipswich, Massachusetts). 
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Figure 3.7: Representative melt curves from amplification of candidate genes. Screen 

capture images of melt curves obtained from the Bio-Rad CFX Maestro 1.0 software showing the 

relative change in fluorescence with time (-d(RFU)/dT) against temperature in Celsius (°C). The images 

show the melt peaks of the genes considered including RIG-I (A; blue), IL-Iβ (A; pink), CCL-2 (B; 

Purple), IL-10 (B; Yellow), CXCL-10 (C; Dark blue) and the reference genes YWHAZ (A; Red) and 

UBC (C; Green).  
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3.3.2 M1 macrophages express higher levels of pro-inflammatory mediators  

To quantify changes in the expression of inflammatory mediators, the baseline expression 

levels of RIG-1, IL-1β, CCL-2, CXCL-10 and IL-10 were quantified in M0, M1 and M2 

macrophages differentiated in the presence and absence of 10 nM 1,25D3 (Fig. 3.8). M1 

macrophages showed significantly higher mRNA levels of  RIG-I (p < 0.010 and p < 0.001, 

Fig. 3.8A), IL-1β (p < 0.010 and p < 0.001; Fig. 3.8B), CCL-2 (p < 0.001; Fig. 3.8C), and 

CXCL-10 (p < 0.010 and p < 0.001; Fig. 3.8D) compared to M0 macrophages, both in the 

absence and presence of 1,25D3. Similarly, regardless of 1,25D3 presence, M2 macrophages 

showed significantly higher mRNA levels of IL-10 compared to M0 macrophages (p < 0.001 

Fig. 3.8E). Interestingly, RIG-I (p < 0.010) and CXCL-10 (p < 0.050) expression were 

significantly higher in M1 macrophages differentiated in the presence of 1,25D3 compared to 

those differentiated in the absence of 1,25D3.  
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Figure 3.8: Baseline expression of inflammatory markers in M0, M1 and M2 

macrophages. Error bar plot showing the baseline expression of inflammatory markers (RIG-1, IL-

1β, CCL-2, CXCL-10) and anti-inflammatory IL-10 in M0, M1 and M2 macrophages differentiated in 

the presence (blue) and absence (pink) of 1,25D3.  Significance was determined by a one-way ANOVA 

with LSD pairwise comparisons made relative to M0 (* p < 0.050, ** p < 0.010, *** p < 0.001) and 

between polarisation states in the absence and presence of 1,25D3 (• p < 0.010, •• p < 0.010, ••• p < 

0.001). Error bars show the 95% CI (n = 3). 
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3.4. Transfection treatment outcomes  

To assess the functional impact of the differentiation of THP-1 into macrophages in the absence 

and presence of 1,25D3, a viral response was simulated in M0, M1 and M2 macrophages. This 

was achieved by transfection with 5'ppp-dsRNA, a RIG-I agonist.  

3.4.1 Transfection quality control 

3.4.1.1 The negative transfection control and untreated cells had comparable expression 

levels of target genes  

To confirm that the transfection procedure itself did not alter gene expression, gene expression 

was compared between the negative transfection control (uncomplexed lyovec solution) and 

the respective untransfected cells. Regardless of the differentiation protocol applied, no 

significant difference in gene expression was observed between the untransfected cells and the 

negative transfection control in either M0, M1 or M2 macrophages (Fig. 3.9).  
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Figure 3.9: Transfection did not impact the experimental outcome. Error bar plot showing the expression levels of RIG-I (A and B), IL-Iβ (C and 

D), CCL-2 (E and F), CXCL-10 (G and H), and IL-10 (I and J) in the untreated (pink) control and negative transfection control (blue) for M0, M1, and M2 

macrophages differentiated in the absence (A, C, E, G, I) and presence (B, D, F, H, J) of 10 nM 1,25D3.  Significance was determined by a one-way ANOVA 

with LSD pairwise comparisons made within each phenotype in the absence and presence of 1,25D3 (• p < 0.010, •• p < 0.010, ••• p < 0.001). Error bars show 

the 95% CI (n = 3).     
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3.4.1.2 Cell viability was maintained post-transfection 

To confirm that the transfection procedure did not impact cell viability, cell viability was 

assessed 2 hours post-transfection to match the time chosen for the transfection. The cell 

viability was determined in the untreated control, as well as 5' ppp-dsRNA-transfected M0 (Fig. 

3.10A), M1(Fig. 3.10B) and M2 (Fig. 3.10C) macrophages differentiated in the absence and 

presence of 1,25D3. No significant difference in cell viability was observed between the 

untransfected controls and 5'ppp-dsRNA-transfected cells for M0, M1, or M2 macrophages, 

regardless of differentiation protocol.  
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Figure 3.10: Transfection did not impact cell viability. Error bar plots showing the percentage 

of viable cells in the untreated controls (pink) compared to 5'ppp-dsRNA-treated cells (blue) in M0 (A), 

M1 (B) and M2 (C) macrophages differentiated in the absence and presence of 10 nM 1,25D3. A one-

way ANOVA was used to determine significant differences, followed by an LSD post-hoc test. Pairwise 

comparisons were determined relative to the control and between the absence and presence of 1,25D3 

in the untreated control and 5'ppp-dsRNA treated cells (•• p < 0.010, ••• p < 0.001). Error bars show the 

95% CI (n = 3).
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3.4.2 RIG-I stimulation caused varied expression of target genes in M0, M1 and M2 

macrophages.  

After transfection with 5'ppp-dsRNA for 2 hours, macrophages were assessed for changes in 

the expression levels of target genes. These changes were determined relative to the control 

and between cells differentiated in the presence and absence of 1,25D3. M0 (Fig. 3.11A) and 

M1 (Fig. 3.11B) macrophages did not experience a significant change in gene expression 

following transfection with 5'ppp-dsRNA, regardless of the absence or presence of 1,25D3. In 

contrast, transfection with 5'ppp-dsRNA significantly increased CXCL-10 (Fig. 3.11C), 

expression in M2 macrophages differentiated in the presence of 1,25D3 relative to the control 

(p < 0.001) and compared to cells differentiated in the absence of 1,25D3 (p < 0.001). There 

was a significant difference in IL-Iβ expression in M2 macrophages differentiated in the 

presence of 1,25D relative to cells differentiated with only PMA (Fig. 3.11C; p < 0.050). 

However, regardless of the varying expression levels in the presence and absence of 1,25D3, 

there was no significant difference relative to the control. Similarly, CCL-2 expression in M2 

macrophages was significant in the presence of 1,25D3 relative to the control (Fig. 3.11C; p < 

0.050).  Interestingly, the expression levels of RIG-I and IL-10 2 hours post-transfection were 

comparable to the controls and not significant in the presence or absence of 1,25D3. 
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Figure 3.11: Expression of CCL-2 and CXCL-10 were elevated in M2 macrophages 2 

hours post-transfection with 5'ppp-dsRNA. Fold change of inflammatory mediators 2 h post-

transfection with 5'ppp-dsRNA in M0(A) M1 (B) and M2 (C) polarised macrophages obtained from 

THP-1 cells differentiated without (pink) and with (blue) 1,25D3. Differences between the control (at 

1) and 5'ppp-dsRNA transfected cells for each gene are shown (* p < 0.050, ** p < 0.010, *** p < 

0.001) and between groups with and without 1,25D3. (• p < 0.010, ••• p < 0.001). Error bars show the 

95% CI (n = 3). 
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CHAPTER 4: DISCUSSION 

The THP-1 promonocytic cell line has long been a preferred model for the study of macrophage 

biology. However, the lack of uniformity in the protocols used over time to obtain naive 

macrophages has contributed to inconsistencies in research outcomes. For example, the use of 

high concentrations of PMA induces the expression of elevated levels of inflammatory markers 

and other genes after differentiation, interfering with experimental outcomes after further 

stimulation (Maeß et al., 2014; Lund et al., 2016). Additionally, this PMA-induced 

inflammatory state has been reported to impair polarisation of cells into the M2 state (Maeß et 

al., 2014). Results from this study confirmed low-dose PMA as sufficient to cause monocyte-

macrophage differentiation without activating an inflammatory state before added stimulation. 

Furthermore, 1,25D3, as an addition to the low-dose PMA differentiation protocol, resulted in 

a more macrophage-like phenotype that maintained an inactivated state at baseline prior to 

treatments (Mol et al., 2024). Additionally, macrophages obtained in the presence of 1,25D3 

were polarised successfully into distinct M1 and M2 phenotypes, expressing significantly more 

of only the M1 marker upon IFN-γ and LPS treatment and only the M2 marker upon IL-4 and 

IL-13 treatment relative to the control. Finally, the low-dose PMA and 1,25D3 protocol 

supported the functional capability of the M2 polarised state.  

Prior to gene expression analysis, the RNA quality had to be assessed. Notably, the intensity 

of the 18S band was generally slightly higher than that of the 28S band. While the 2:1 ratio of 

28S:18S has been widely used as an indication of RNA integrity, according to Imbeaud et al. 

(2005) this indicator is inconsistent and subjective. This is because the appearance is impacted 

by various conditions such as the amount of RNA used, the electrophoresis set up and the 

fluorescence intensity of the ethidium bromide utilised. A better means of assessing RNA 

quality would be to determine individual RIN numbers using a bioanalyser. Given that both 

28S and 18S bands were clearly visible in this study, RNA quality was deemed acceptable for 

further analysis.  

Regardless of the differentiation protocol applied (with vs without 1,25D3) in this study, cell 

viability remained high, with an average cell viability of 94% and 95.3% recorded after 

differentiation with 5 nM PMA in the absence or presence of 10 nM 1,25D3, respectively. The 

high viability recorded suggests that a lower PMA concentration may result in less cytotoxicity. 

This is consistent with a handful of studies that have reported improved cell survival upon 

utilising relatively low PMA concentrations to obtain macrophages with or without resting 
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periods. For instance, (Biriken, 2019) recorded a 92.2% cell viability following differentiation 

with 20 ng/ml of PMA. Lund et al. (2016) reported a 93% viability post-stimulation with 5 

ng/ml of PMA after 48 h. Similarly, Browne et al. (2022) also reported 92.5% cell viability 

following 72 h of exposure with 15 ng/ml PMA. This was, however, not the case where higher 

concentrations of PMA were used, as seen by a decline of cell viability to about 83.5% with 

1000 ng/ml PMA stimulation (Browne et al., 2022). 5 nM is equivalent to 1.92 ng/ml. Across 

multiple studies, a high concentration of PMA was closely correlated to cases of apoptosis, as 

seen by the decrease in cell viability post-differentiation (Starr et al., 2018; T. Liu et al., 2023).  

Notably, neither polarisation into the M1 or M2 phenotype significantly decreased cell 

viability, regardless of whether 1,25D3 was applied during cell differentiation. Following 

polarisation into M1 and M2 phenotypes, subsequent transfection for 2 h with 5' ppp-dsRNA 

did not cause any further decline in cell viability, despite the prolonged time in cell culture at 

this point. This was the case regardless of the protocol applied to obtain the macrophages (with 

vs without 1,25D3) and suggests a high transfection efficiency with successful agonist uptake 

by the cells (Neuhaus et al., 2016). 

From a morphological point of view, cell adherence, flattening, size increase and irregularity 

in shape were observed in THP-1 cells differentiated in the presence of 1,25D3 compared to 

the cells differentiated with just PMA. Additionally, integrating 1,25D3 into the low-dose PMA 

protocol caused the macrophages obtained to attain a more primary macrophage-like 

morphology, characterised by a larger amoebic shape with large and elongated spindle 

projections, consistent with the classic features of macrophages as described by Lee et al. 

(2013) and Makaremi et al. (2019). The adherence, flattening and shape irregularity of 

differentiated macrophages are primarily attributed to the presence of PMA, which varies with 

the concentration used (Tsuchiya et al., 1980; Park et al., 2007; Daigneault et al., 2010). 1,25D3, 

which alone fails to give the expected morphological expression (Valdés López and Urcuqui-

Inchima, 2018), proved to be a suitable complement to PMA to provide the required outcome 

of matured macrophages after differentiation. In agreement, Valdés López and Urcuqui-

Inchima (2018) showed that the differentiation of the U937 monocytic cell line with PMA in 

addition to 1,25D3 caused the macrophages to acquire an ameboid morphology comparable to 

primary macrophages. Other factors such as the length of the resting period post-stimulation 

and the length of differentiation overall contribute to the outcome of differentiation (Daigneault 

et al., 2010; Pinto et al., 2021, 2020).  
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Regardless of the differentiation protocol, CD80, often described as a robust marker of the M1 

phenotypic state, was significantly expressed in M1 macrophages obtained (Ambarus et al., 

2012; Jaguin et al., 2013; Tarique et al., 2015). Similarly, the expression of CD206 was notable 

in M2 macrophages (Choi et al., 2010; Xu et al., 2020). These observations were consistent in 

the presence or absence of 1,25D3. A convenient conclusion would have been that 1,25D3 

during differentiation did not matter or impact polarisation. Interestingly, however, M1 

macrophages obtained from differentiation with just PMA also showed significant expression 

of CD206, an M2 macrophage marker. This is indicative of a form of overlap in the polarisation 

states. This is not uncommon and can be traced to the highly adaptable nature of macrophages. 

They exist on a continuum and, hence, are difficult to limit into a binary state, as the expression 

of phenotypic markers can change with time (Smith et al., 2016). Remarkably, the presence of 

1,25D3 during differentiation resulted in an M1 macrophage with CD206 expression levels 

comparable to the untreated control. This suggests the capacity of 1,25D3 to cause polarisation 

into distinct states with less heterogeneity. This is particularly significant because high PMA 

concentrations have been linked to ineffective M2 polarisation (Maeß et al., 2014; He et al., 

2021). It turns out that not only does the reduction in PMA concentration help with 

responsiveness to polarising stimuli, as suggested by Maeß et al. (2014), but also that 

augmentation with 1,25D3 ensures polarisation into distinct phenotypes. Significant expression 

of the inflammatory markers, IL-Iβ, CXCL-10, CCL-2 and RIG-I in M1 macrophages (Sierra-

Filardi et al., 2014; Liu et al., 2018; Tsai et al., 2019) and IL-10 (Mantovani et al., 2002; Gordon 

and Martinez, 2010) in M2 macrophages, regardless of differentiation protocol, further 

confirms the polarisation states of the macrophages.  

Introducing the M0, M1 and M2 macrophages obtained with the protocols employed to a viral 

challenge, provided a means to test their functional capacity in the first 2 h of infection. 5' ppp-

dsRNA, a RIG-I agonist, was employed (Goulet et al., 2013; Chiang et al., 2015). After 

transfection with the RIG-I agonist, M0 macrophages showed no significant changes in the 

expression of the inflammatory markers evaluated in this study across the protocol considered. 

The undetected expression of the cytokine and any of the chemokines we evaluated could be a 

result of the short exposure time (Moradian et al., 2020; Thoresen et al., 2023). Similarly, the 

transfection of M1 macrophages with the RIG-I agonist did not increase their inflammatory 

state. This was consistent in cells differentiated in the presence or absence of 1,25D3. The lack 

of responsiveness of M1 macrophages to 5'ppp-dsRNA transfection, even after the expression 

of inflammatory markers at baseline, could also be a result of endotoxin tolerance. This is a 
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phenomenon where an earlier exposure to LPS causes a decline of pro-inflammatory cytokine 

expression following subsequent stimulation with other agents capable of causing 

inflammation. This occurs to prevent hyperinflammation and potential damage to the tissue 

(Cavaillon and Adib-Conquy, 2006; Rajaiah et al., 2013; Liu and Zhou, 2019). Alternatively, 

the changes in the inflammatory state may have at this point been more notable at the protein 

level.  

There was no significant change in the expression of RIG-I in M2 macrophages, regardless of 

differentiation protocol in response to 5'ppp-dsRNA transfection. Interestingly, however, in 

M2 macrophages differentiated in the presence of 1,25D3, robust expression of IL-1β, CCL-2, 

and CXCL-10 was observed in response to 5'ppp-dsRNA, which was not the case in the PMA-

only differentiation protocol. The change in expression of IL-1β, CCL-2, and CXCL-10 

following stimulation by the RIG-I agonist, despite no observable changes in the expression of 

RIG-I itself can be explained by the study of Thoresen et al. (2023). Thoresen et al. (2023) 

found that a RIG-I response occurs in two phases. The first phase is led by the cytosolic resident 

pool of the RIG-I protein, which is capable of initiating a response upon recognition of a 

PAMP. This means that the pre-existing RIG-I in the cytoplasm can lead to an initial response 

without further expression. It is also possible that the two-hour treatment time in this study may 

have been too early to observe measurable changes in endogenous RIG-I expression.  

A similar event was expected from M0 macrophages post-transfection, except that the delayed 

expression of inflammatory markers could be because the transition of M0 macrophages into a 

pro-inflammatory state happens relatively slower than an M2 - M1 phenotypic transition (Liu 

et al., 2020). M0 macrophages that are in a naïve state at baseline require priming and metabolic 

shifts, while M2 macrophages that have earlier assumed a functional state require less time to 

repolarise with the right environmental cues. The reprogramming of M2 macrophages into the 

M1 phenotype usually involves switching to glycolysis from oxidative phosphorylation (Van 

den Bossche et al., 2017). The concept of macrophage repolarisation is primarily dependent on 

the present microenvironment, with no memory of the previous state (Liu et al., 2020). The 

downregulation of the previously expressed IL-10, an anti-inflammatory marker, post-

transfection is indicative of the initiation of an inflammatory response that is going on in the 

background. This is because the expression of marker genes associated with a macrophage state 

reflects the current state and not the state from which it was repolarised (Liu et al., 2020). The 

possible repolarisation of macrophages from M2 into the M1 state in this study occurred only 

in macrophages differentiated in the presence of 1,25D3. These results suggest that 1,25D3 
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supports macrophages in maintaining homoeostasis in the tissue. This was demonstrated by an 

improved M2 macrophage state, with the capacity to revert to an inflammatory phase in 

response to viral exposure. It is important to also note that these interventions were swift, as 

demonstrated by the reversion happening within 2 h post-transfection. A few hours more into 

our transfection time point, we may have had a look at how this phenomenon is likely to 

manifest in M0 and M1 macrophages. Possibly showing how the presence of 1,25D3 could 

support a robust expression of inflammatory cytokines to clear the viral infection transitioning 

M0 into M1 macrophages and increasing the prevalence of inflammatory cytokines in M1 

macrophages to clear infection. The expression of proinflammatory markers in M2 

macrophages treated with the RIG-I agonist is not an isolated case. In their study, Vogelpoel 

et al. (2014) reported the expression of proinflammatory cytokines such as IL-1β in M2 

macrophages exposed to TLR agonists and complexed IgG. Similarly, Wu et al. (2023) also 

demonstrated that RIG-I activation reversed M2 macrophages caused by cigarette smoking into 

M1 macrophages.  

Taken together, the PMA-only protocol was sufficient to maintain relatively high cell viability 

through differentiation, polarisation and transfection of the macrophages. While this may work, 

the result obtained from differentiation in the presence of 1,25D3 proves more effective in 

promoting even further a higher survival potential of cells as seen by the even higher cell 

viability. Similarly, to assume a more primary macrophage-comparable morphology, the 

addition of 1,25D3 was required. This extends to the distinct surface marker expression that 

minimises heterogeneity in the polarised macrophage population. Finally, while the exact 

action of 1,25D3 was not captured in M0 and M1 macrophages 2 hours post-transfection with 

5' ppp-dsRNA, the swift repolarisation of M2 macrophages differentiated with 1,25D3 into M1 

macrophages to facilitate pathogen clearance is indicative of the functional capacity of a 

1,25D3-integrated low-PMA based differentiation protocol above that using just PMA.  
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CHAPTER 5: CONCLUSION  

5.1 Summary of the results  

The aim of this study was to evaluate the impact of 1,25D3 on low-dose PMA-based monocyte-

to-macrophage differentiation, polarisation and functional potential. Taken together, the results 

show that the addition of 10 nM 1,25D3 to the differentiation protocol enhances differentiation 

and supports macrophage polarisation into distinct M1 and M2 phenotypes. Moreover, the 

presence of 1,25D3 enhanced the functional potential of M2 macrophages, with only M2 

macrophages obtained from macrophages differentiated in the presence of 1,25D3 responding 

to an immune challenge. This result not only showcased the repolarisation ability of 

macrophages but also the impact of 1,25D3 in supporting a swift phenotypic change with 

changing environmental cues - in this case inflammation to clear out pathogens. Therefore, the 

findings from this study strongly support our hypothesis that the addition of 1,25D3 to a low-

dose PMA-based differentiation protocol will yield mature, naive macrophages (M0) that can 

be polarised into a functional pro-inflammatory (M1) or anti-inflammatory (M2) phenotype.  

5.2 Implication of Research Study  

This research study supports deeper research into macrophage biology by providing a more 

suitable model for in vitro studies. At the same time, this study expands our knowledge of 

1,25D3 function - stepping away from the classical anti-inflammatory role and into a broader 

immunomodulatory capacity. In this case, it appears to have the ability to prime macrophages 

for a better functional state, whether it is pro-inflammatory or anti-inflammatory. This 

ultimately suggests that the maintenance of a sufficient vitamin D status in vivo, is essential for 

supporting a healthy immune system, primed for defence.  

5.3 Limitations of Study  

In this research study, we only explored the expression of RIG-I, IL-1β, CXCL-10, CCL-2 and 

IL-10, 2 h post-transfection with 5'ppp-dsRNA, a RIG-I agonist, at mRNA level. While these 

genes all play a functional role in macrophages and are inducible upon viral stimulus, the list 

is not exhaustive and there are many other candidate genes that could have been included to 

make the study more comprehensive. The choice of the 2 h time point targeting early responses 

may not have given a full picture of the expression of some of the key markers of immune cell 

signalling that may peak well after 2 h. Moreover, some changes may have only been apparent 

at the protein level. While THP-I cells exhibit more of the functional characteristics of primary 

macrophages compared to other monocytic cell lines such as U937 cells, many of the 
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differences remain between model cell lines and primary cells. It remains to be seen whether 

vitamin D supports similar roles in terms of macrophage polarisation and function in primary 

cells. Nonetheless the purpose of this study was specifically focused on in vitro cell models 

often used in immunological studies despite the difficulties in differentiating and polarising 

these cells.  

5.4 Future Research Considerations  

For a broader picture of the cytokine profile of polarised macrophages differentiated by the 

low-dose PMA and PMA+1,25D3 protocol, 4, 6, 12 and/or 24 h timepoints should be 

considered. This is important to capture both early and late responses after stimulation. 

Furthermore, key inflammatory markers such as IFNα and β etc., should be evaluated for a 

holistic view of the cytokine profile of the macrophages obtained. Macrophage function 

transcends just intervention in viral infections. Hence, signalling pathways led by other PRRs 

such as the TLRs should be considered. Finally, the functional implications of these findings 

can be elucidated further by employing techniques such as RNA sequencing (RNA-seq) to 

provide a genome-wide comprehensive view of genes expressed by the macrophages obtained 

from the two protocols before and after stimulation of any kind.   
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Figure A: 28S and 18S band intensity assessments. Graph images obtained from the Bio-Rad 

ChemiDoc XRS+ System with Image Lab Software showing the intensity (Int) against relative front 

(Rf). The images showed two peaks representing 28S (1) and 18S (2) for lanes representing the treatment 

conditions of macrophages, including treatment with A (control), B (5'ppp-dsRNA), C (5'ppp-dsRNA 

and 1,25D3), D (1,25D3), E (Lyovec).  
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