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Abstract 

The process of monocyte-to-macrophage differentiation is studied in vitro through the use of 

promonocytic model cell lines, such as the THP-1 cell line, where commonly used 

differentiation inducing agents include phorbol-12-myristate-13-acetate (PMA) and the active 

metabolite of vitamin D3, (1,25(OH)2D3; VD3). While both induce differentiation, differences 

in their mechanisms of action, as well as how the end states of the differentiation process differ, 

are not well understood. Therefore, this study used computational approaches to compare the 

effects of PMA and VD3 on the differentiation of monocytes into macrophages, using the 

promonocytic THP-1 cell line. Through the use of RNA-sequencing, gene expression was 

quantified in differentiated and undifferentiated THP-1 cells, treated with both PMA and VD3. 

Differential gene expression analysis was performed to determine genes that were differentially 

expressed as a result of either treatment relative to the untreated cells. This was followed by 

over-representation analysis to determine the pathways and processes in which the 

differentially expressed genes (DEGs) were involved. PMA treatment (3 989 DEGs) resulted 

in more changes in expression relative to VD3 treatment, where only 384 genes were found to 

be differentially expressed in response to treatment with VD3. Only TFE3, KIT and TRIB1 were 

observed to be crucial to the process of differentiation, irrespective of treatment. Apart from 

this, the treatments were observed to largely involve different biological pathways, resulting in 

cells that were phenotypically distinct from each other at the transcriptional level. This included 

changes observed in the expression of genes encoding transcription factors known to be 

involved in the differentiation process, such as CEBPA, GATA2, IRF8 and PU.1, as well as 

those encoding surface markers representative of monocytes and macrophages, such as CD14, 

CD64 and CD11b. The expression patterns observed here indicate that, at least at the 

concentrations and time points included in this study, PMA and VD3 induce macrophage-like 

cells that are at different stages of differentiation and are not comparable to either each other 

or primary macrophages. Furthermore, key differences observed in the expression of genes 

encoding pathogen recognition receptors and cytokines suggest that which differentiation-

inducing agent is used may have important implications for  these cells’ capacity to recognise 

pathogens and produce cytokines. The findings of this study therefore emphasise that it is 

crucial to carefully consider the choice of differentiation-inducing agent when using THP-1 

cells as an experimental system for studying monocyte-to-macrophage differentiation.  
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Chapter 1: Literature Review  

1.1. Innate Immunity 

The innate immune system establishes the earliest response to a pathogen's invasion of a cell 

or tissue. Innate immunity occurs within minutes to hours of initial infection and involves both 

physical barriers and molecular mechanisms (Murphy and Weaver, 2016). The cells 

constituting the innate immune system have the ability to recognise and distinguish between 

host (self) and pathogenic (non-self) material. These cells are derived from one of two 

haematopoietic lineages, namely the lymphoid and the myeloid lineages (Figure 1.1).  

Lymphoid cells include natural killer (NK) cells, B cells, and T lymphocytes. The myeloid 

lineage includes neutrophils, eosinophils, mast cells, monocytes, macrophages, and dendritic 

cells (DCs) - all of which are involved in the innate immune response.  

 

 
Figure 1.1: Immune cell lineages. Hematopoietic stem cells (HSCs) are derived from the bone 

marrow. They progressively differentiate into pluripotent stem cells that produce the myeloid and 

lymphoid lineages of leukocytes. Myeloid progenitors give rise to common innate immune cells such 

as eosinophils, neutrophils, basophils, and monocytes. Monocytes further differentiate into dendritic 

cells (DCs) and macrophages. Myeloid progenitors further give rise to megakaryocytes (platelets) and 

erythrocytes (red blood cells). The lymphoid arm of the hierarchy includes natural killer (NK) cells, as 

well as B and T lymphocytes (Image obtained from www.biorender.com).  

 
 

https://www.zotero.org/google-docs/?6zwKKh
http://www.biorender.com/
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Innate immune cells possess pathogen recognition receptors (PRRs), which enable the innate 

immune response to discern between self and non-self (Janeway and Medzhitov, 2002). PRRs 

are germline encoded receptors, found both on the surface of immune cells and within the cells 

(Akira et al., 2006), that recognise pathogen-associated molecular patterns (PAMPs). Different 

PRRs recognise different PAMPs, and in turn induce different signalling pathways, in an 

attempt to produce an anti-pathogenic response. Different types of PRRs that are involved in 

PAMP sensing in innate immune cells are the toll-like receptors (Liu et al., 2007; Medzhitov 

et al., 1997), RIG 1-like receptors (Yoneyama et al., 2004) and NOD-like receptors (Girardin 

et al., 2003; Martinon and Tschopp, 2004).  

 

1.2. The Hematopoietic Cell Lineage  

The hematopoietic system is a hierarchical system that is responsible for the production of the 

innate and adaptive immune cells (Figure 1.1). In particular, hematopoietic stem cells (HSCs) 

are cells that are capable of differentiating into different types of myeloid and lymphoid blood 

cells. HSCs are found in the bone marrow, as well as in peripheral blood (Lee and Hong, 2019). 

The ability that these cells possess to differentiate into different cell types, as well as their 

ability to initiate and sustain the production of mature blood cells makes them multipotent. In 

addition to  multipotency, other properties of HSCs include self-renewal and quiescence. The 

process of differentiation of a HSC to a mature blood cell involves many intermediate 

progenitor cells.  

1.3. The Myeloid Lineage  

The myeloid lineage (Figure 1.2) comprises cells originating from the progressive 

differentiation of the HSC into the common myeloid progenitor (CMP), followed by the 

granulocyte-macrophage progenitor (GMP). Granulocytes are the most abundant myeloid cell 

type found in the bloodstream, and they can be further classified into neutrophils, eosinophils, 

and basophils. All granulocytes originate from the GMP, which differentiates into the relevant 

lineage-committed progenitors for eosinophils and basophils/mast cells. In adults, neutrophils 

are the most abundant granulocytes found in circulation. Neutrophils circulate until recruited 

to a site of infection/injury by tissue-resident macrophages (De Kleer et al., 2014). Monocytes, 

macrophages, and DCs develop through the monocyte/macrophage and DC progenitor (MDP). 

https://www.zotero.org/google-docs/?nSbbRd
https://www.zotero.org/google-docs/?4HZLUn
https://www.zotero.org/google-docs/?4HZLUn
https://www.zotero.org/google-docs/?4HZLUn
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?gBN0As
https://www.zotero.org/google-docs/?Cuvnx9
https://www.zotero.org/google-docs/?Cuvnx9
https://www.zotero.org/google-docs/?Cuvnx9
https://www.zotero.org/google-docs/?xeOUPE
https://www.zotero.org/google-docs/?xeOUPE
https://www.zotero.org/google-docs/?xeOUPE
https://www.zotero.org/google-docs/?xeOUPE
https://www.zotero.org/google-docs/?hoCqUh
https://www.zotero.org/google-docs/?hMI23J
https://www.zotero.org/google-docs/?hMI23J
https://www.zotero.org/google-docs/?hMI23J


16 

MDPs do not have the ability to give rise to granulocytes, and therefore, through the common 

monocyte progenitor (cMoP; Hettinger et al., 2013), they are restricted to monocytes and their 

derivatives (Naik et al., 2006; De Kleer et al., 2014). 

 

 
Figure 1.2: The myeloid lineage. The common myeloid progenitor (CMP) is derived from the HSC. 

The CMP then gives rise to a megakaryocyte-erythroid progenitor (MEP), which further differentiates 

into erythrocytes (red blood cells) and megakaryocytes (platelets). The CMP also gives rise to a 

granulocyte-macrophage progenitor (GMP), which further differentiates into eosinophils, basophils, 

neutrophils and monocytes. Eosinophils, basophils, and neutrophils are known as granulocytes and are 

found in circulation. Monocytes, upon entering tissues, can undergo further differentiation into 

macrophages and dendritic cells (DCs). (Image obtained from and edited in www.biorender.com) 

 
 

1.4. Macrophages 

Present in every tissue of the body, macrophages are the first cells recruited to a site of infection 

(Murray and Wynn, 2011). Elie Metchnikoff, a developmental embryologist, coined the term 

"macrophage" in the late 19th century (Metchnikoff, 1883). He described an immune cell 

population devoted to phagocytosis, the process by which cells consume and destroy foreign 

particles such as bacteria (Metchnikoff, 1891). Since their discovery, macrophages and their 

https://www.zotero.org/google-docs/?1RRSaG
https://www.zotero.org/google-docs/?1RRSaG
https://www.zotero.org/google-docs/?1RRSaG
http://www.biorender.com/
https://www.zotero.org/google-docs/?qq8H8E
https://www.zotero.org/google-docs/?0OC8Qf
https://www.zotero.org/google-docs/?KAgDoY
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functions have been extensively studied (Jenkins et al., 2013; Misharin et al., 2013; Yáñez et 

al., 2013; Bertani et al., 2017; Atri et al., 2018; Huang et al., 2019). Macrophages are often 

identified using common cell surface protein markers that can be assessed using flow 

cytometry; including cluster of differentiation (CD)11c, CD64, CD14, CD16, CD11b, CD80, 

CD206 (Misharin et al., 2013; Bertani et al., 2017). 

1.4.1 Tissue-Resident Macrophages 

Populations of tissue-resident macrophages comprise both embryonically-derived and bone 

marrow-derived macrophages (Figure 1.3; Sieweke and Allen, 2013). The latter develop 

through the recruitment and subsequent differentiation of circulating monocytes. The 

functionality of tissue-resident macrophages is dependent on ontogeny, the local milieu, 

inflammation, and the duration in which the cell spends within the tissue (Blériot et al., 2020). 

In addition to their role during infection, tissue-resident and monocyte-derived macrophages 

also have an important role to play during the steady-state, in terms of homeostasis, where they 

eliminate apoptotic cells, proteins, and phospholipids from the local microenvironment and 

either eliminate or respond to toxins and pathogens. Tissue-resident macrophages can sustain 

themselves through local proliferation without the assistance of monocyte-derived 

macrophages (Davies et al., 2013; Blériot et al., 2020). 

 

 

 

 

 

https://www.zotero.org/google-docs/?ZJlzt5
https://www.zotero.org/google-docs/?PCv4vm
https://www.zotero.org/google-docs/?H4w3Bu
https://www.zotero.org/google-docs/?H4w3Bu
https://www.zotero.org/google-docs/?H4w3Bu
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Figure 1.3: Ontogeny of tissue-resident macrophages (TRMs). TRMs can be of prenatal 

origin, where differentiation of foetal liver monocytes and yolk sac monocytes are responsible for the 

differentiation and population of TRMs. Alternatively, TRMs can be of post-natal origin, where 

circulating monocytes differentiate and populate the tissues. TRMs adopt different names according to 

the tissue in which they reside (Image obtained from www.biorender.com). 

 

1.4.2 The Role of Macrophages in the Maintenance of Homeostasis 

While macrophages play an essential role during infection, they are also responsible for the 

removal of dead cellular and tissue debris from the body (Wynn et al., 2013; Mosser et al., 

2020), which, if allowed to accumulate, would prevent regular organ functionality. Mosser et 

al. (2020) proposed the term “transducer” when referring to macrophages in the steady-state. 

Macrophages are found in tissues such as the epidermis, cornea, and joint interiors, all of which 

lack blood vessels. In this way, macrophages are essential cells that serve as ‘transducers’ by 

obtaining information from tissues and translating it into signals that induce a response. These 

responses are generally associated with the physiological processes that are vital for the organ's 

daily function (Mosser et al., 2020).  

 

1.4.3 The Role of Macrophages During Infection 

Being tissue-resident allows macrophages to be among the first innate immune cells to interact 

with invading pathogens. Upon this interaction, macrophages perform two main functions: 

http://www.biorender.com/
https://www.zotero.org/google-docs/?JTKXpl
https://www.zotero.org/google-docs/?JTKXpl
https://www.zotero.org/google-docs/?JTKXpl
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effector functions and sentinel functions. As effector cells, macrophages phagocytose 

pathogens and infected and dying cells, up-regulate antimicrobial peptide production, and 

induce cell death (Murphy and Weaver, 2016; Sheu and Hoffmann, 2022). By secreting 

cytokines, chemokines, and growth factors, and presenting antigens to adaptive immune cells, 

macrophages serve as sentinels, initiating and coordinating local or systemic immune 

activation. The release of chemoattractants by TRMs initiates the extravasation of circulating 

monocytes into the tissue (Sheu and Hoffmann, 2022). Here the monocytes interact with 

PAMPs or damage-associated molecular patterns (DAMPs), upon which they rapidly 

differentiate into macrophages (Murphy and Weaver, 2016; Sheu and Hoffmann, 2022). This 

differentiation allows more cells to contribute to effector and sentinel functions at a site of 

infection.  

 

1.4.4 Macrophage Polarisation   

Macrophages are polarised in response to environmental changes (i.e., cytokines and signalling 

pathways), resulting in the formation of distinct, active macrophage subtypes: M1 and M2 

macrophages. It has long been recognized that M1 macrophages refer to those that are 

classically activated, while M2 macrophages constitute alternatively activated macrophages. 

M2 macrophages can be further classified into M2a, M2b and M2c subsets. These are activated 

through interleukin (IL)-4 and IL-13 (M2a; Mantovani et al., 2004), immune complexes and 

toll-like receptor (TLR) ligands (M2b; Mosser, 2003; Mosser and Edwards, 2008), interleukin 

10 (IL-10), Glucocorticoids, transforming growth factor beta (TGF!) (M2c; Mosser, 2003; 

Zizzo et al., 2012; Zizzo and Cohen, 2013), and TLR and A2R ligands (M2d; Grinberg et al., 

2009; Ferrante et al., 2013). The change in cell surface marker expression is a crucial aspect of 

macrophage polarisation. The M1 macrophage phenotype is known to be induced through 

interferon gamma (IFN-"), lipopolysaccharide (LPS), or tumour necrosis factor alpha  (TNF-

#) stimulation (Mantovani et al., 2004). These macrophages are able to secrete pro-

inflammatory cytokines and overexpress cluster of differentiation 80 (CD80), CD86, and 

CD16/32 (Yunna et al., 2020). While M2 macrophages have  higher levels of the chemokines 

C-C motif chemokine ligand 17 (CCL17) and CCL22, as well as the enzyme arginase-1 (Arg-

1), mannose receptor (CD206), and anti-inflammatory factor (IL-10) (Yunna et al., 2020).  

https://www.zotero.org/google-docs/?XDApZ9
https://www.zotero.org/google-docs/?H31hLu
https://www.zotero.org/google-docs/?BeLcN7
https://www.zotero.org/google-docs/?lcMdDm
https://www.zotero.org/google-docs/?lcMdDm
https://www.zotero.org/google-docs/?lcMdDm
https://www.zotero.org/google-docs/?z35LTY
https://www.zotero.org/google-docs/?PF9D6F
https://www.zotero.org/google-docs/?PF9D6F
https://www.zotero.org/google-docs/?PF9D6F
https://www.zotero.org/google-docs/?PF9D6F
https://www.zotero.org/google-docs/?O4vtm9
https://www.zotero.org/google-docs/?O4vtm9
https://www.zotero.org/google-docs/?tYsVtz
https://www.zotero.org/google-docs/?tYsVtz
https://www.zotero.org/google-docs/?tYsVtz
https://www.zotero.org/google-docs/?u3v1Pa
https://www.zotero.org/google-docs/?u3v1Pa
https://www.zotero.org/google-docs/?u3v1Pa
https://www.zotero.org/google-docs/?3gQWhk
https://www.zotero.org/google-docs/?3gQWhk
https://www.zotero.org/google-docs/?3gQWhk
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1.5 Monocytes  

Monocytes are blood cells that make up less than 10% of peripheral leukocytes in humans (van 

Furth and Sluiter, 1986). It is believed that blood monocytes originate in the adult bone marrow 

(BM), from a common myeloid progenitor (CMP) that also gives rise to erythrocytes, platelets, 

dendritic cells, and granulocytes (Akashi et al., 2000; De Kleer et al., 2014; Pietras et al., 2015). 

Monocytes are discharged into the peripheral circulation after their production. Metchnikoff 

first observed peripheral blood monocytes in 1905, but until 1925 they were classified together 

with tissue macrophages and not distinguished as a distinct cell type (Lewis and Lewis, 1925). 

In the last two decades, sophisticated mouse models,  RNA sequencing, confocal microscopy, 

as well as developments in multi-dimensional analysis of cell surface and intracellular proteins 

have led to a more complete and accurate understanding of monocyte development (Hettinger 

et al., 2013; Kurotaki et al., 2013; Yáñez et al., 2013; Kawamura et al., 2017; Roberts et al., 

2020).  

 

Using monoclonal antibodies and two-colour flow cytometry, it was possible to identify three 

distinct human monocyte subsets by as early as 1989, based on CD14 and CD16 expression. 

The subsets were defined as classical (CD14+/CD16-), intermediate (CD14+/CD16+) and non-

classical (CD14-/CD16+) monocytes (Passlick et al., 1989). A more recent study conducted by 

Thomas et al. (2017) found additional markers that, when observed in combination with CD14 

and CD16, enhance the identification and distinction of the monocyte subsets. This was made 

possible through the use of mass cytometry, which enables up to 40 markers to be analysed 

simultaneously. These markers include CD36, HLA-DR, CD11c and CCR2. By this definition, 

classical monocytes can be distinguished through CD14+CD16−HLA-DRloCD11clo 

expression, intermediate monocytes by CD14+CD16+CD36hiCCR2hiHLA-DRhiCD11chi 

expression and non-classical monocytes by CD14−CD16+CD36loCCR2lo  expression (Thomas 

et al., 2017).  

 

1.5.1 The Role of Monocytes in Infection 

Upon bacterial infection, monocytes, in response to chemokines, are recruited from the bone 

marrow in a myeloid differentiation primary response 88 (MYD88) and TLR-dependent 

manner (Serbina et al., 2003). In addition, monocyte recruitment during M. tuberculosis 

infection has been shown to be CC-chemokine receptor 2 (CCR2)-dependent (Peters et al., 
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2001). Similarly, in cases of viral infection, CCR2 is responsible for monocyte recruitment into 

the liver (Salazar-Mather et al., 1998). At a site of infection, monocytes aid in the recruitment 

of additional innate immune cells, such as NK cells, or alternatively, undergo differentiation 

into macrophages, for an enhanced innate immune response (Murphy and Weaver, 2016). 

1.6 Monocyte-to-Macrophage Differentiation 

Monocyte-to-macrophage differentiation is associated with widespread changes in messenger 

RNA (mRNA) and microRNA (miRNA) levels, which are a consequence of epigenetic changes 

(histone modifications resulting in changes in chromatin accessibility) (Saeed et al., 2014; 

Wallner et al., 2016). In addition, colony-stimulating factor 1 (CSF-1), also known as 

macrophage (M)-CSF, is a crucial factor involved in the process of monocyte-to-macrophage 

differentiation via the CSF-1 receptor (CSF-1R). However, the CSF-1-mediated signalling 

pathway by which this differentiation process occurs is poorly understood (Pixley and Stanley, 

2004).  

 

It is known that differentiation in the presence of CSF-1 is associated with an increase in cell 

cycle gene expression (Martinez et al., 2006). Together with cytokines such as IL-4, M-

CSF/CSF-1 promotes the growth, differentiation, and proliferation of monocytes and 

macrophages (Jenkins et al., 2013). In addition, it has also been shown that CSF-1 and IL-34 

can both utilise CSF-1R and its associated signalling pathway to trigger monocyte 

differentiation into macrophages. Differences in signalling and effects of CSF-1 and IL-34 are 

seen, however, during the polarisation of the differentiated monocytes into M1 or M2 

macrophages, where there are distinguishable differences in chemokine/cytokine production 

(Boulakirba et al., 2018). Furthermore, a number of lineage-determining transcription factors 

have been found to be involved in this process of differentiation (Table 1.1). One of the key 

genes is  Spi-1 Proto-Oncogene (SPI1), which encodes the PU.1 transcription factor. PU.1 has 

been associated with different stages of myeloid differentiation (Akashi et al., 2000) and has 

been found to interact with other transcription factors such as the CCAAT enhancer-binding 

protein alpha (CEBP#) (Reddy et al., 2002), CEBP! (Yang et al., 2000), GATA-binding factor 

2 (GATA2) (Walsh et al., 2002), and IRF8 (Meraro et al., 1999). PU.1 overexpression activates 

interferon regulatory factor 8 (IRF8) and kruppel-like factor 4 (KLF4), while inhibiting CEBP# 

and GATA2 (Zhu et al., 2016). PU.1 has also been associated with CSF-1R transactivation 

during differentiation (Zhang et al., 1994). 
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Table 1.1. Transcription factors known to be associated with monocyte-to-macrophage 

differentiation  

Transcription 
Factor 

Function References 

CEBP#, CEBP!, 
CEBP$  

Each plays a role in mediating 
differentiation together with other 
transcription factors at different 
stages of differentiation. 

 (Friedman, 2002) 

GATA2 Interacts with PU.1 and regulates 
differentiation of HSCs into myeloid 
lineages. 

(Walsh et al., 2002; Chou et al., 

2009) 

IRF8 Promotes monocyte differentiation 
and inhibits granulocyte production. 

(Meraro et al., 1999; Tsujimura 

et al., 2002; Tamura et al., 

2005;) 

KLF2 Reduces in expression upon 
differentiation into macrophages. 

(Das et al., 2006, 2012) 

KLF4 Expression enhances differentiation 
and is directly regulated by IRF8. 

(Feinberg et al., 2007; Alder et 

al., 2008; Kurotaki et al., 2013) 

SPI1/PU.1 Expression increases during 
monocyte differentiation. Interacts 
with other transcription factors to 
mediate differentiation. 

(Nutt et al., 2005; Zhu et al., 

2016) 

 

1.7 Promonocytic cell lines as model systems 

Cancer-derived human cell lines are important in vitro tools for studying cellular activities, 

processes, responses, and signalling pathways. In vitro experiments are preferable, where 

possible, for the development of specific applications due to the budgetary and/or ethical 

constraints that are associated with animal and human in vivo studies. In vitro systems are 

advantageous due to their natural nature; yet, donor viability and substantial individual 

diversity complicate the analysis and interpretation of data (Chanput et al., 2014). However, 

cell lines are malignant in nature and the controlled cultivation of cells like this, in conditions 
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outside their natural environment, can cause adverse reactions relative to their natural 

environment (Schildberger et al., 2013).  

 

Promonocytic cell lines are those that have the ability to differentiate into monocytes and 

therefore, in most cases, macrophages ( Tanaka et al., 1983; Koeffler et al., 1984; Kohro et al., 

2004; Valdés López and Urcuqui-Inchima, 2018). While they do not entirely reproduce the 

response spectrum of primary monocyte-derived-macrophages, they can mimic some 

biological processes and their functional implications (Tedesco et al., 2018). Some of the 

widely used promonocytic cell lines include the THP-1, U937, HL-60, ML-2 and Mono Mac 

6 cell lines. These cell lines differ based on their origins and maturation stages, and their use is 

context-dependent.  

 

1.7.1 The THP-1 Cell Line 

The THP-1 cell line is one of the most widely used promonocytic cell lines in studying 

monocyte-to-macrophage differentiation ( Qin, 2012; Chanput et al., 2014). The THP-1 cell 

line was isolated by Tsuchiya et al. (1980). The cell line was derived from the blood of a one-

year old, male patient suffering with acute monocytic leukaemia. In terms of morphology and 

differentiation, THP-1 cells bear resemblance to primary monocytes and macrophages 

(Tsuchiya et al., 1980; Auwerx, 1991). However, different levels of gene expression and 

cytokine release, as well as gene expression at baseline, have been described in some cases 

(Schildberger et al., 2013; Shiratori et al., 2017).  

1.7.1.1 THP-1 cells and their relationship to primary monocytes  

Primary monocytes have been shown to produce higher levels of pro-inflammatory cytokines, 

such as TNF⍺, IL-6, IL-8 and IL-10, than THP-1 cells (Schildberger et al., 2013) following 

LPS stimulation. In terms of baseline gene expression levels, primary monocytes were reported 

to have higher expression levels of genes such as TNF⍺, IL-1B, IL-6, CD14 and CD68 relative 

to undifferentiated THP-1 cells (Bruckmeier et al., 2012). It has been  reported that following 

their differentiation into macrophages, THP-1 cells express genes such as MD2, CD14 and 

MyD88 - all of which are involved in LPS signalling in vivo (Zarember and Godowski, 2002). 

These cells also mimic primary macrophages in terms of  surface marker expression, cell 

morphology and cytokine production (Kohro et al., 2004; Schroecksnadel et al., 2011; Tedesco 
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et al., 2018). THP-1 cells are therefore often used as a simplified model of human monocytes 

and macrophages, rather than an alternative to primary monocytes and macrophages (Tedesco 

et al., 2018). 

 

1.7.1.2 Differentiation of THP-1 cells 

THP-1 cells, when treated with phorbol 12-myristate 13-acetate (PMA) or the active metabolite 

of vitamin D3, 1,25 dihydroxyvitamin D3 (VD3), can differentiate into a state more 

phenotypically representative of macrophages (Rovera et al., 1979; Tanaka et al., 1983). While 

M-CSF is biologically relevant to the differentiation process in vivo, it is not frequently used 

in vitro (Chanput et al., 2014). The differentiation of THP-1 cells into this state results in 

adherence to the culture flask and obvious changes in cell morphology, such as a change in 

overall cellular shape, nucleus irregularity, and phagocytic vacuoles appearing in the cytoplasm 

(Auwerx, 1991).  

1.7.1.2.1 PMA and Vitamin D3 as Differentiation-Inducing Agents 

PMA is a toxic, tumour-promoting and inflammation-inducing phorbol ester, derived from the 

unripe fruit of Sapium indicum, able to induce differentiation of THP-1 cells into a 

macrophage-state (Taylor et al., 1981; Chang et al., 2020). On the flipside, VD3 is naturally 

occurring and has the ability to induce differentiation into a macrophage-state in THP-1 cells 

(Munker et al., 1986; Auwerx, 1991). Full differentiation of THP-1 cells into a macrophage-

like state occurs at least 48 hours after being incubated with PMA, depending on the 

concentration applied (Park et al., 2007; Lund et al., 2016). The resting of differentiated THP-

1 macrophages without PMA for around 24 h in culture media is essential to increase the 

expression of macrophage markers and decrease the expression of nuclear factor kappa B (NF-

κB) genes up-regulated as a result of the differentiation process. Indicators of successful 

differentiation are cell adherence, increased phagocytic capacity, and increased expression of 

surface markers associated with differentiation, including CD14, CD36, TLR2, and 

complement receptor 3 (CR3) (CD11b/CD18).  

 

Surprisingly, given the toxic nature of PMA, descriptions of the cytotoxic effect of the agent 

on THP-1 cells in the literature are few and far between (Browne et al., 2022; Lund et al., 2016; 

Park et al., 2007). These studies have reported an average cell viability of ~92.55% when 

treated with PMA for 72 hours (Browne et al., 2022) and 93% when treated with concentrations 
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ranging from 5 ng/ml - 125 ng/ml for 48 hours (Lund et al., 2016). With respect to the effect 

of VD3 on the viability of THP-1 cells, a study performed by Wu et al., (2022) demonstrated 

that viability decreases significantly in a concentration- and time-dependent manner, but to a 

lesser extent than after PMA treatment (Wu et al., 2022). Despite the increased viability, 

treatment with VD3 results in a less mature macrophage phenotype relative to PMA (Schwende 

et al., 1996; Valdés López and Urcuqui-Inchima, 2018). With respect to production of 

interleukin-1 beta (IL-1B) and TNF# and phagocytic activity, the macrophages resulting from 

treatment with 100 nM VD3 for three days were found to be less similar to primary monocyte-

derived macrophages than THP-1 macrophages produced using 200 nM PMA for three days 

(Auwerx, 1991; Daigneault et al., 2010). Furthermore, it has been shown that VD3 treatment, 

while associated with an increase in monocytic markers, displays little to no changes in cell 

morphology relative to that of PMA treatment (Valdés López and Urcuqui-Inchima, 2018). 

Evidently, the full effect of either treatment on THP-1 cells is not clear.  

 

1.8 Vitamin D3 as an Immunomodulator  

VD3  generally occurs in its biologically inert form (Holick, 2009), however, hydroxylation at 

carbon 25 of its side chain into 25-hydroxyvitamin D3 (25(OH)D), occuring in the liver (Lips, 

2006), and additional hydroxylation at carbon 1 within its A-ring, produces the active 

metabolite, 1,25(OH)2D3 (Figure 1.4; Lips, 2006). 1,25(OH)2D3 is a lipophilic molecule, as 

such, it readily traverses biological membranes and binds to the nucleus-based transcription 

factor, vitamin D receptor (VDR; (DeLuca, 2014)) with high affinity (kD = 0.1 nM).  
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Figure 1.4: The hydroxylation of vitamin D3 to its active metabolite 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3). Vitamin D3 is derived from the diet or UV rays and 

undergoes metabolism in the liver, where the compound is hydroxylated at carbon 25 of its side chain 

into 25-hydroxyvitamin D3 (25(OH)D). In an intracrine manner, further hydroxylation at carbon 1 

within its A-ring occurs in cells such as monocytes and/or macrophages. This also occurs in the kidneys 

via CYP27A1. This second hydroxylation step results in the production of the biologically active form 

of the metabolite, 1,25(OH)2D3. (Image created in www.biorender.com)

 
 

 

During haematopoiesis, VDR functions with the transcription factors, PU.1 and CEBP#, as a 

critical regulator of myeloid differentiation in immune cells such as monocytes and 

granulocytes (Novershtern et al., 2011). Furthermore, VDR is activated through the TLR1/2 

pathway, where cytochrome P450 Family 27 subfamily B member 1 (CYP27B1) is a target of 

VDR (Liu et al., 2006). Monocytes, macrophages and dendritic cells express the mitochondrial 

VD3 activating enzyme, CYP27B1, and therefore through the TLR1/2 pathway the localised 

conversion of 25(OH)D to 1,25(OH)2D3 is induced in these cells (Liu et al., 2006). 

1,25(OH)2D3 binds to VDR and the retinoid X receptor (RXR) in the cytoplasm and this 

complex is translocated to the nucleus where it binds to vitamin D response elements (VDRE) 

located in  regulatory regions of VD3 target genes, inducing the transcription of VD3-responsive 

genes and leading to increased production of antimicrobial proteins such as cathelicidin and β-

defensin (Figure 1.5; Liu et al., 2006; Medrano et al., 2018). It is thus clear that VD3 plays an 

essential role as an immune modulator in monocytes and macrophages. Despite this, however, 

the exact mechanisms and impact VD3 has on monocyte-to-macrophage differentiation remains 

unclear. One way in which questions related to VD3-mediated differentiation can be addressed 
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is through omics studies in which differentiated end-states induced by VD3 are compared to 

those induced by PMA.  

 
Figure 1.5: TLR/VD3-mediated production of antimicrobial peptides in 

monocytes/macrophages. Upon interaction of TLR1/2, CYP27B1 is activated and circulating 25-

hydroxyvitamin D3 (25(OH)D) is metabolised into 1,25 dihydroxyvitamin D3 (1,25(OH)2D3). 

1,25(OH)2D3 binds to the vitamin D receptor (VDR) and the retinoid X receptor (RXR) in the 

cytoplasm. The 1,25(OH)2D3/VDR/RXR complex translocates into the nucleus, where it binds to the 

vitamin D response element (VDRE) located in the regulatory region of a VD3 target gene. Transcription 

of the target gene is induced and antimicrobial peptides such as cathelicidin are produced (Image created 

in www.biorender.com; Liu et al., 2006; Medrano et al., 2018) 
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1.9 RNA-sequencing and Differential Gene Expression  

RNA-sequencing (RNA-seq) has become a popular tool in molecular biology, especially as a 

tool for differential gene expression (DGE) analysis (Stark et al., 2019; Zhang et al., 2014). 

This approach provides the means to quantify changes in gene expression levels across 

different conditions at genome-wide scale. RNA-seq makes use of deep sequencing and next 

generation sequencing (NGS) technologies (Stark et al., 2019). The RNA-seq approach 

involves the extraction of RNA, mRNA enrichment or ribosomal RNA depletion, 

fragmentation, cDNA synthesis, and the production of an adaptor-ligated sequencing library. 

These adapter-ligated sequences are then sequenced using a high throughput sequencing 

platform. The generated sequencing reads are then mapped to a reference genome or 

transcriptome. Gene expression levels can then be estimated and compared across two or more 

conditions. This enables changes in expression levels across conditions to be statistically 

evaluated (Oshlack et al., 2010). A host of tools have been developed that allow the 

identification of these differentially expressed genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?QV4miS
https://www.zotero.org/google-docs/?QV4miS
https://www.zotero.org/google-docs/?QV4miS
https://www.zotero.org/google-docs/?QV4miS
https://www.zotero.org/google-docs/?QV4miS
https://www.zotero.org/google-docs/?ruKM59
https://www.zotero.org/google-docs/?ruKM59
https://www.zotero.org/google-docs/?ruKM59
https://www.zotero.org/google-docs/?mWA1ji
https://www.zotero.org/google-docs/?mWA1ji
https://www.zotero.org/google-docs/?mWA1ji
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1.10 Problem statement 

Monocyte and macrophage heterogeneity and differentiation is not yet completely understood. 

In an attempt to address this, promonocytic cell lines are used as model systems. While both 

PMA and 1,25(OH)2D3 induce monocyte-to-macrophage differentiation, and despite the host 

of studies that have utilised this model system to study monocyte/macrophage function and 

differentiation (Kramer and Wray, 2002; Hjort et al., 2003; Liu et al., 2022; Wu et al., 2022), 

differences in their mechanisms of action, as well as how the end states of the differentiation 

process differ, are not well understood. Studies have, and continue to try to address this 

(Schwende et al., 1996; Kohro et al., 2004; Lund et al., 2016; Valdés López and Urcuqui-

Inchima, 2018), however no reference exists for a definite choice and/or preference for either 

agent based on its nature (i.e., toxic or naturally-occurring) and its impact on the cell. In 

addition, the heterogeneity associated with monocytes and macrophages and their 

differentiation poses further limitations on this. Where other studies encompass a targeted 

approach to this issue, where differentiation is studied with additional stimulants, this study 

addresses this issue by studying the entire gene expression profile of these cells following 

stimulation with only the differentiation agents.  

 

 

 

 

 

 

https://www.zotero.org/google-docs/?gRtXNq
https://www.zotero.org/google-docs/?gRtXNq
https://www.zotero.org/google-docs/?gRtXNq
https://www.zotero.org/google-docs/?gRtXNq
https://www.zotero.org/google-docs/?gRtXNq
https://www.zotero.org/google-docs/?CEcbpB
https://www.zotero.org/google-docs/?CEcbpB
https://www.zotero.org/google-docs/?CEcbpB
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1.11. Aim and Objectives  

Therefore, the aim of this study was to use computational approaches to compare the effects of 

PMA and 1,25(OH)2D3 on the differentiation of monocytes into macrophages, using the 

promonocytic THP-1 cell line.  

The study aim was achieved through the following objectives: 

1. To perform transcript quantification on RNA-seq data obtained from untreated, PMA-

treated and 1,25(OH)2D3-treated THP-1 cells, using pseudoalignment. 

2. To perform differential gene expression analysis between untreated and PMA-treated 

THP-1 RNA-seq data and between untreated and 1,25(OH)2D3-treated THP-1 cells. 

3. To identify and characterise genes uniquely differentially expressed in THP-1 cells in 

response to treatment with PMA. 

4. To identify and characterise genes uniquely differentially expressed in THP-1 cells, in 

response to treatment with 1,25(OH)2D3. 

5. To identify and characterise genes differentially expressed in THP-1 cells in response 

to treatment with both PMA and 1,25(OH)2D3. 
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Chapter 2: Methodology 

2.1 Data Acquisition 

Publicly available RNA-seq data was obtained from the European Nucleotide Archive (ENA) 

(www.ebi.ac.uk/ena/). RNA-seq data derived from untreated promonocytic THP-1 cells, as 

well as cells treated with either 100 ng/ml PMA or 500 nM 1,25(OH)2D3 (VD3) for 72 hours 

was acquired (Accession number: PRJNA449980; Liu et al., 2018). The concentrations of 

PMA used to differentiate THP-1 cells are variable and range from 10 to 400 ng/ml. 

Furthermore, the period of differentiation ranges from 1-5 days (Chanput et al, 2014; Starr et 

al, 2018). Therefore, Liu and colleagues leveraged a common PMA concentration and 

differentiation protocol. The concentration of VD3 used, however, is not a common or widely 

used concentration. Experimental procedures performed by Liu and colleagues to produce this 

data (Figure 2.1) included total RNA extraction using the RNeasy Mini Kit and QIAshredder 

(Qiagen), all biological assays were performed in triplicate. DNase treatment was performed 

and only RNA with an integrity number (RIN) > 8 was used for library preparation. RNA 

sequencing libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit 

(Illumina). Paired-end sequencing was performed using the HiSeq 2500 System (Illumina), 

which resulted in reads of length 100 base pairs (bp). Read 1 was derived from the antisense 

strand and read 2 from the sense strand. Each condition was sequenced in triplicate.  

 

 

 

http://www.ebi.ac.uk/ena/
https://www.zotero.org/google-docs/?FDSzZL
https://www.zotero.org/google-docs/?FDSzZL
https://www.zotero.org/google-docs/?FDSzZL
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Figure 2.1: Experimental procedure carried out by Liu et al. (2018) to produce the RNA-

seq data used in this study. THP-1 cells were cultured in suspension and treated with PMA 

or 1,25(OH)2D3 (VD3). Total RNA was extracted and purified. Library preparation for RNA-

seq was performed using the TruSeq Stranded mRNA Library Prep Kit (Illumina). This 

consisted of polyA-containing mRNA extraction, cDNA synthesis, 3’ adenylation and 5’ 

repair, adapter ligation and PCR amplification. Sequencing was performed using the HiSeq 

2500 System (Illumina), which resulted in fastq files with paired-end reads with a length of 

101 base pairs. 

 
 

2.2 RNA Sequencing Data Quality Control 

Quality control of sequencing data was performed using FastQC 

(www.bioinformatics.babraham.ac.uk/projects/FastQC/). FastQC assesses sequence data 

quality based on predetermined metrics and classifies each metric as a ‘pass’, ‘warning’ or 

‘fail’. These metrics take into consideration factors that affect sequencing quality, such as the 

quality of each base sequenced, as well as additional attributes such as average sequencing 

depth with respect to the distribution of sequencing reads per sequencing file.  

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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By performing this quality control step, the aim was to identify poor, bad quality sequences 

that may influence downstream applications. According to the FastQC metrics, poor quality 

sequences can be defined as sequences having a per base quality < 20 at various positions in 

the read. In addition, when a large proportion of sequences have an overall quality score < 27 

and a valid base was not called in >20% of the sequence, the sequence was considered to be of 

poor quality (“Babraham Bioinformatics - FastQC A Quality Control tool for High Throughput 

Sequence Data,” n.d.). Additional metrics that were assessed include the number of reads, to 

identify the average sequence depth of the samples, as well as duplication levels. With respect 

to duplication levels, FastQC tends to flag this metric in the case of RNA-seq data as the 

differences in expression of transcripts are read as ‘duplicated’ sequences.  

2.3 Transcript Quantification 

Pseudoalignment is an approach that enables sequencing reads to be mapped to an indexed 

reference transcriptome, allowing transcript abundance to be quantified. Pseudoalignment has 

been shown to be faster and more accurate than traditional alignment methods (Sarantopoulou 

et al., 2021). This approach is capable of processing 30 million paired-end RNA-seq reads in 

less than 10 minutes (Bray et al., 2016). Furthermore, tools utilising pseudoalignment have 

been shown to have up to 85% accuracy and are comparable with that of traditional aligners 

(Bray et al., 2016; Sarantopoulou et al., 2021). 

Among the common tools that adopt this pseudoalignment approach are kallisto (Bray et al., 

2016) and Salmon (Patro et al., 2017). The latter incorporates an efficient ‘quasi-mapping’ 

method (Srivastava et al., 2016). In addition to this, RNA-seq specific biases such as positional 

biases in coverage, sequence-specific biases at the 5′ and 3′ ends of sequenced fragments, 

fragment-level GC content bias, strand-specific procedures, and the fragment length 

distribution are all taken into account with Salmon when computing transcript abundances. 

Accounting for these biases increases the correlation between expression estimates derived 

from sequence data generated using different sample preparation methods and different 

sequencing technologies (Roberts et al., 2011). 

 

 

https://www.zotero.org/google-docs/?Cykgxf
https://www.zotero.org/google-docs/?Cykgxf
https://www.zotero.org/google-docs/?3icQDa
https://www.zotero.org/google-docs/?3icQDa
https://www.zotero.org/google-docs/?IyIHw3
https://www.zotero.org/google-docs/?IyIHw3
https://www.zotero.org/google-docs/?IyIHw3
https://www.zotero.org/google-docs/?WF32mK
https://www.zotero.org/google-docs/?WF32mK
https://www.zotero.org/google-docs/?WF32mK
https://www.zotero.org/google-docs/?WF32mK
https://www.zotero.org/google-docs/?WF32mK
https://www.zotero.org/google-docs/?1aNhFE
https://www.zotero.org/google-docs/?1aNhFE
https://www.zotero.org/google-docs/?1aNhFE
https://www.zotero.org/google-docs/?1aNhFE
https://www.zotero.org/google-docs/?dYrW44
https://www.zotero.org/google-docs/?dYrW44
https://www.zotero.org/google-docs/?dYrW44
https://www.zotero.org/google-docs/?wenoVk
https://www.zotero.org/google-docs/?wenoVk
https://www.zotero.org/google-docs/?wenoVk
https://www.zotero.org/google-docs/?NUNLpL
https://www.zotero.org/google-docs/?NUNLpL
https://www.zotero.org/google-docs/?NUNLpL
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2.3.1 Indexing the Reference Transcriptome 

Transcript abundance was quantified against a decoy-aware, indexed reference transcriptome 

based on the most recent version of the human reference genome, GRCh38.p13, and the 

Gencode v40 transcript annotations (Frankish et al., 2019). This was obtained using the 

salmon index command. Indexing breaks down the reference genome into indices that 

enable the Salmon to efficiently narrow down the potential genomic origins of a query 

sequence. 

Decoy-aware mapping is recommended because there may be reads that originate from regions 

of the transcriptome that are unannotated, but are similar in sequence to annotated regions of 

the transcriptome. These are known as decoy sequences and including a decoy-aware 

transcriptome reduces spurious/false positive mapping of these reads to the transcriptome and 

therefore improves quantification (Sarkar et al., 2017). 

2.3.2 Quasi-mapping to determine the origin of sequencing reads 

Quasi-mapping uses a k-mer-based approach where the read is searched in k-mers (with a 

default length of 31bp) against a reference transcript. When a match is found between the k-

mer and the reference transcript, the match is extended for the longest possible length. This 

continues for the length of the read. To obtain final mappings, all matches between k-mers for 

the read and the reference transcriptome are obtained, together with their location and 

orientation, and are returned as quasi-mappings of the read. Through quasi-mapping, only the 

potential origin of the reads are determined, without a base-by-base alignment. This enables 

faster transcript quantification (Srivastava et al., 2016).  

 

The quasi-mapping procedure was implemented by means of the following command line 

statement: 
salmon quant -i /path/to/indexed/transcriptome -l A \ 

 -1 /path/to/read1 \ 

 -2 /path/to/read2 \ 

 -p 8 \ 

 --recoverOrphans \ 

 -o  

 --seqBias \ 

https://www.zotero.org/google-docs/?dRlUlh
https://www.zotero.org/google-docs/?iQWL6y
https://www.zotero.org/google-docs/?RwfHgz
https://www.zotero.org/google-docs/?RwfHgz
https://www.zotero.org/google-docs/?RwfHgz
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 --gcBias \ 

 --validateMappings 

  

The -l A flag was used for automatic detection of the library type of the reads. The library 

type of the reads consists of three pieces of information: relative orientation of the reads, 

strandedness and directionality of the reads. The relative orientation of the reads (Figure 2.2) 

is applicable in the case of paired-end sequencing, as is the case with this study, where the 

orientation of the reads is classified as inward-facing, outward-facing or matching. The 

strandedness of the library refers to whether the reads are stranded or unstranded. In a stranded 

library, such as the one utilised in this study, reads sequenced from the sense and antisense 

strands are able to be differentiated and mapped to the appropriate strand, whereas in an 

unstranded library, reads sequenced from the sense and antisense strands are not differentiated 

(Levin et al., 2010). Lastly, directionality of the reads is only relevant in the case of stranded 

libraries where the strand from which the read is derived is determined. Correct identification 

of the library type is important for more accurate quantification. 

 

 
 

Figure 2.2: Orphan read recovery and dovetail mappings. A) Paired end read mapping to 

a reference transcript as expected, based on the sequencing library configuration. B) Orphan 

reads occur when one of the reads from the pair maps either further upstream or downstream 

than expected based on the sequencing library configuration. C) Dovetail mapping occurs when 

the first mapped base of the reverse read (Read 2) is upstream of the first mapped base of the 

forward read (Read 1), creating a ‘dovetail’ effect. 

 
 

https://www.zotero.org/google-docs/?0AbpDb
https://www.zotero.org/google-docs/?0AbpDb
https://www.zotero.org/google-docs/?0AbpDb
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In the event where only one of the paired reads map to a region of the reference that is not 

expected based on the library configuration, the –recoverOrphans flag enables the missing 

read to be recovered by searching upstream and downstream of the mapping position to place 

the read appropriately (Figure 2.1B). In terms of dovetail mappings, where the first mapped 

base of the reverse read is upstream of the first mapped base of the forward read (Figure 2.1C), 

the default was maintained and these mappings were excluded.  

 

Lastly, the -validateMappings flag was invoked to enable what is termed selective 

alignment. Selective alignment enables the mappings to be scored and validated. Exact matches 

between the read and transcriptome are obtained, and the relevant transcripts are then extracted. 

The matches are scored, and potential putative mapping sites for a read are identified. For 

paired end reads, the read pair is matched, allowing the mapping loci for the entire fragment to 

be determined. The potential mapping loci are then assigned scores and considered relative to 

the decoy sequences for validity (Srivastava et al., 2020). Selective alignment is an approach 

that addresses both the specificity and sensitivity problems of lightweight mapping. It involves 

increased mapping sensitivity along with a more exhaustive scoring approach for possible 

mappings that also allows specific details of the quality of the mapping to be obtained. 

Furthermore, selective alignment produces mappings results more consistent with that of 

traditional alignments (Srivastava et al., 2020).  

 

2.3.3 Estimation of transcript and gene abundances 

Following quasi-mapping, final transcript abundance estimates were computed through the 

Salmon quant command. Salmon does not simply count the reads mapping to the reference 

transcripts but rather, statistically computes these estimates by applying sample-specific bias 

models that account for known biases in RNA-seq data. RNA-seq data can be subject to such 

sample-specific biases as a result of RNA extraction and library preparation procedures (Love 

et al., 2016). Some of the biases that are considered are fragment-length distribution, which is 

introduced during size selection of library preparation, and strand-specific bias. 

 

A number of factors influence the likelihood of a fragment being selected for sequencing and 

one of these factors is the sequences surrounding the 3’ and 5’ ends of the fragment. These 

biases are introduced during the priming stage of RNA extraction where oligio-d(T) 

https://www.zotero.org/google-docs/?vgnP0H
https://www.zotero.org/google-docs/?vgnP0H
https://www.zotero.org/google-docs/?vgnP0H
https://www.zotero.org/google-docs/?TnS1U9
https://www.zotero.org/google-docs/?TnS1U9
https://www.zotero.org/google-docs/?TnS1U9
https://www.zotero.org/google-docs/?SzH9uJ
https://www.zotero.org/google-docs/?SzH9uJ
https://www.zotero.org/google-docs/?SzH9uJ
https://www.zotero.org/google-docs/?SzH9uJ
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nucleotides shift the base content at the beginning of the fragment or random hexamers have 

differential binding efficiencies (Li et al., 2010; Roberts et al., 2011; Love et al., 2016). Salmon 

applies two variable length Markov models (VLMM) to account for this bias. These models 

were applied through the --seqBias flag in the command line statement. 

 

Another known bias that needs to be accounted for in RNA-seq is GC-content - where the 

number of G and C nucleotides in the fragment impacts its likelihood of being sequenced (Risso 

et al., 2011). This bias can be introduced at various stages of the sequencing processes, such as 

PCR amplification, cluster amplification and sequencing itself (Aird et al., 2011). Both GC-

rich and GC-poor regions have been shown to be under-represented in RNA-seq, which tends 

to favour coverage of regions where the GC-content is balanced. Salmon accounts for this bias 

through two models, one that models the distribution of reads for all possible GC-content 

values and another that models this distribution for the known reference transcripts (Patro et 

al., 2017). These models were applied through the --gcBias flag in the command line 

statement.  

 

Salmon considers all these factors together with the quasi-mappings to estimate final transcript 

abundances. This resulted in a quantification file (quant.sf) for each sample, as well as a number 

of auxiliary files. Data in the quantification file is organised into a n x m matrix, where the five 

columns represent the name of the transcript, the length of the transcript, the effective length 

of the transcript (accounting for the sequence-specific and GC bias), the transcripts per million 

(TPM) value and the number of reads mapping to each transcript that was quantified (i.e. the 

transcript abundance).  

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?YPCkdN
https://www.zotero.org/google-docs/?YPCkdN
https://www.zotero.org/google-docs/?YPCkdN
https://www.zotero.org/google-docs/?YPCkdN
https://www.zotero.org/google-docs/?51Ignu
https://www.zotero.org/google-docs/?51Ignu
https://www.zotero.org/google-docs/?51Ignu
https://www.zotero.org/google-docs/?nRO0Kr
https://www.zotero.org/google-docs/?nRO0Kr
https://www.zotero.org/google-docs/?nRO0Kr
https://www.zotero.org/google-docs/?nRO0Kr
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2.4 Differential Gene Expression Analysis 

In order to import quantification files produced with Salmon into the R environment, the 

R/Bioconductor tool, tximeta (Love et al., 2019) was used. The tool leverages its primary 

package, tximport (Soneson et al., 2016), and aggregates transcripts-level counts to the gene-

level. Gene-level estimates are more accurate when derived from aggregated transcript-level 

counts, as opposed to when they are derived from gene-based count methods like HTSeq 

(Soneson et al., 2016). Thus the need for transcript-to-gene-level aggregation. 

 

A metadata table for the samples used in this study was constructed, which included the sample 

identifiers, their associated condition (untreated, PMA-treated and VD3-treated), and the file 

path to the corresponding Salmon quantification file. Tximeta summarises this metadata and 

the count data into an object known as a SummarisedExperiment (Figure 2.3). The 

SummarisedExperiment was then passed through the summariseToGene function to obtain 

a gene-level summarised experiment (Love et al., 2019). SummarizedExperiment objects store 

multiple matrices of data, referred to as ‘assays’. These matrices include the Salmon outputs, 

raw read counts, effective transcript lengths, and TPM abundances. The rows in the 

SummarisedExperiment object represent genomic features (transcript/gene identifiers) and are 

linked to transcript annotations derived from the reference transcriptome (Figure 2.3). Any 

sample metadata provided is also attached to the SummarizedExperiment. The implementation 

of tximeta allowed Salmon quantification files to be imported into the R/Bioconductor 

environment and the count data to be aggregated to the gene-level in preparation for differential 

gene expression analysis.  

https://www.zotero.org/google-docs/?NJxiId
https://www.zotero.org/google-docs/?NJxiId
https://www.zotero.org/google-docs/?NJxiId
https://www.zotero.org/google-docs/?o9u9wL
https://www.zotero.org/google-docs/?o9u9wL
https://www.zotero.org/google-docs/?o9u9wL
https://www.zotero.org/google-docs/?Xw4PtD
https://www.zotero.org/google-docs/?Xw4PtD
https://www.zotero.org/google-docs/?Xw4PtD
https://www.zotero.org/google-docs/?RecMBN
https://www.zotero.org/google-docs/?RecMBN
https://www.zotero.org/google-docs/?RecMBN
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Figure 2.3: SummarisedExperiment object layout. Sample information such as condition 

and sample identifier is stored in colData, and makes up the column names of the assays. The 

SummarisedExperiment object consists of three assays derived from Salmon: raw, 

unnormalised read counts, effective transcript lengths, and transcript abundances normalised 

as TPM. The features are stored in rowData and make up the rows of the assays. In the case of 

a SummarisedExperiment these features are transcript identifiers, and in the case of a gene-

level SummarisedExperiment , they are gene identifiers. 

 
 

Differential gene expression analysis was performed by comparing both the PMA-treated and 

the VD3-treated THP-1 data against the untreated control data, in order to identify the changes 

in gene expression associated with each treatment. From the genes that were quantified, all 

genes with a mean count of zero, across all samples, were removed, as well as all genes with a 

mean count less than 10, across all samples. This resulted in a total of 17 504 genes to be 

assessed for differential gene expression. The R/Bioconductor package, DESeq2 v1.30.1 (Love 

et al., 2014) was employed to do this. DESeq2 was utilised in this study because it incorporates 

an automatic independent filtering step, as well as automatic outlier detection and handling. 

DESeq2 also incorporates a ‘shrinkage’ function, which enhances reliability and 

reproducibility, and is suitable for small sample testing (Love et al., 2014).  

 

https://www.zotero.org/google-docs/?xSVdUO
https://www.zotero.org/google-docs/?xSVdUO
https://www.zotero.org/google-docs/?xSVdUO
https://www.zotero.org/google-docs/?xSVdUO
https://www.zotero.org/google-docs/?s40trw
https://www.zotero.org/google-docs/?s40trw
https://www.zotero.org/google-docs/?s40trw
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The DESeq function included in the DESeq2 package ‘wraps’ three key functions into a single 

function. First it carries out the estimateSizeFactors function, which allows the mean 

of the read counts for each gene to be normalised for differences in sequencing depth and 

library composition. Sequencing depth refers to the number of times a particular nucleotide is 

sequenced in a given sequencing experiment. Given that read lengths are short and sequencing 

errors may occur, higher coverage allows for greater confidence in the bases called (Sims et 

al., 2014). Normalisation on the basis of differences in sequencing depth is important during 

differential expression studies so as to not to mistake these differences for differences in 

expression. Library composition refers to the composition of the RNA itself. Factors that are 

considered include differences in the number of genes expressed between samples or only a 

few highly differentially expressed genes between samples. These factors need to be accounted 

for to more accurately determine differentially expressed genes. DESeq2 accounts for these 

biases by scaling the mean by a size factor using a log-based approach. Here, the geometric 

mean for each gene across all samples is calculated and every original gene count is then 

divided by its corresponding geometric mean. The size factor of each sample is the median of 

these ratios. 

 

This is followed by dispersion estimation through estimateDispersions. Dispersion is 

defined as the gene-wise variability between the biological replicates of each treatment 

condition. DESeq2 determines these estimates and normalises them through an approach 

termed ‘shrinkage’, which is performed in three main steps. Firstly, the gene-wise estimates 

(i.e. estimates based on the mean expression level of the genes between replicates) of dispersion 

are computed through a maximum likelihood approach (i.e. given the expression levels, the 

most likely dispersion is estimated). When working with a small number of replicates (three to 

six) per sample, genes with similar means tend to show large differences in dispersion. This 

makes the gene-wise dispersion estimates unreliable. DESeq2 (Love et al., 2014) addresses 

this issue by sharing information across genes, and assuming that genes with similar mean 

expression levels will exhibit similar dispersion. Secondly, a curve is fitted to the gene-wise 

dispersion estimates. This curve provided a consensus of accurate estimates of the dispersion 

expected for certain levels of expression. Lastly, the gene-wise estimates computed initially 

are involved in a ‘shrinkage’ step where they are shrunk towards the fitted curve. These newly 

computed estimates are then more indicative of accurate dispersion given the mean expression 

level. It should be noted that dispersion can be underestimated, making that particular gene 

https://www.zotero.org/google-docs/?ul9LpJ
https://www.zotero.org/google-docs/?ul9LpJ
https://www.zotero.org/google-docs/?ul9LpJ
https://www.zotero.org/google-docs/?ul9LpJ
https://www.zotero.org/google-docs/?E7T3P2
https://www.zotero.org/google-docs/?E7T3P2
https://www.zotero.org/google-docs/?E7T3P2
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more likely to be called incorrectly as differentially expressed in a comparison. In this situation, 

shrinkage results in a raised dispersion estimate, reducing type I error (false positives). In cases 

of extreme outliers (estimates within more than two standard deviations above the fitted curve), 

where shrinkage results in greatly reduced estimates, the gene-wise estimates are used, to 

reduce type I error calls (Love et al., 2014). 

 

Lastly, the nbiomWaldTest function is performed. DESeq2 models the read counts along a 

negative binomial distribution. This distribution is used because it is able to capture the 

overdispersion that biological replicates introduce. The negative binomial distribution allows 

for the variance to exceed the mean, which is not the case in a Poisson distribution, for example, 

where the variance is expected to be equal to the mean. In modelling the counts with a negative 

binomial distribution, the mean and the dispersion needs to be estimated, the accuracy of which 

increases with the number of replicates. However, since most RNA-seq experiments only make 

use of 2-3 replicates, as is the case in this study, DESeq2 compensates for this by dispersion 

estimation and subsequent ‘shrinkage’ of the dispersion estimates, as aforementioned.  

 

The function further fits a general linear model (GLM) to the counts of each particular gene 

within a sample. This results in a coefficient of the overall expression levels of the gene, as 

well as an estimation of the log2 fold change in expression between the untreated and treated 

samples to be returned. The log2 fold changes, together with a standard error for each of these 

estimates, are then used in the hypothesis testing (Love et al., 2014). The null hypothesis 

assumes that there is no significant difference between the average read count values of the 

different treatment conditions for any particular gene. A z-statistic is obtained by dividing the 

shrunken log2 fold change estimate by its standard error and comparing it to a standard normal 

distribution. Following an automatic independent filtering step, the p-values obtained from the 

Wald test were corrected for multiple testing using the Benjamini Hochberg procedure 

(Benjamini and Hochberg, 1995). 

 

When running a single hypothesis test, the possibility of a gene being incorrectly called as 

differentially expressed, i.e. a false positive, is considered to be relatively small. However, 

when a large number of hypothesis tests/comparisons are being performed, as is the case when 

testing for differential gene expression, a multiple testing problem is introduced, where the 

number of possible false positive calls can potentially increase dramatically. Controlling the 

https://www.zotero.org/google-docs/?YRwaSd
https://www.zotero.org/google-docs/?YRwaSd
https://www.zotero.org/google-docs/?YRwaSd
https://www.zotero.org/google-docs/?catQv1
https://www.zotero.org/google-docs/?catQv1
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false discovery rate (FDR) by introducing an adjusted p-value is a useful way to correct for this 

multiple testing problem. This is also associated with a loss of power because the FDR for a 

set of genes will likely be higher than the p-values of these genes. To circumvent this, DESeq2 

determines a filtering threshold by maximising the number of genes found at a user-defined 

target FDR, thereby omitting the genes that have little or no chance of being called as 

differentially expressed from multiple testing adjustments. An adjusted p-value threshold of < 

0.05 was used to identify significantly differentially expressed genes in both treatment 

conditions (PMA-treated relative to untreated and VD3-treated relative to untreated cells) 

together with a log2(fold change) threshold of 1. This meant that only genes with an absolute 

fold change of 2 and above were considered. 

 

2.6 Over-representation/Enrichment Analysis 

The gene lists resulting from the differential gene expression analysis alone are unable to 

describe the intricate biological mechanisms at play in any given treatment condition. An over-

representation analysis (ORA)/enrichment analysis allows the evaluation of the proportion of 

query genes (in this case, differentially expressed genes) that belong to a group of tested genes. 

These "groups of tested genes" refer to information found in the Gene Ontology (GO; 

Ashburner et al., 2000) and the Kyoto Encyclopaedia of Genes and Genomes (KEGG; 

Kanehisa et al., 2010) databases. These databases outline biological pathways and processes 

and their associated genes. In an ORA, the statistical significance of the overlap between the 

query genes and the pathway genes is often calculated using a hypergeometric test. A set of 

background genes, known as the ‘universe’, is required for this. The ‘universe’ refers to all the 

genes in the profiled dataset that were considered, i.e., all the genes that were sequenced and 

quantified. The basis of this type of analysis is that pathways that strongly overlap with the 

query genes are associated with biological phenomena involving these genes (Wieder et al., 

2021). The output from such an analysis consists of a list of genes that are enriched within 

certain processes and pathways and their associated statistical significance (p-value).  

 

While the basic infrastructure of available enrichment tools tends to be the same, they differ in 

terms of the gene set database used, the overall interface and the data visualisation techniques 

employed (Huang et al., 2009; Karp et al., 2021). Each tool however requires an annotation 

database, followed by algorithms and statistical methods to determine enrichment and an 
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associated p-value, and lastly, each tool requires a method for presentation of the results (Huang 

et al., 2009). Algorithms to quantify enrichment scores generally incorporate two ratios: the 

number of significantly expressed genes in a pathway (from the differentially expressed gene 

list) relative to the number of all the genes in that pathway (from the pathway database), and 

the number of significantly expressed genes relative to all genes in any pathway (Karp et al., 

2021). Various statistical methods such as a Fisher's exact test, chi-square test, hypergeometric 

distribution and binomial distribution are then used to obtain a p-value (Huang et al., 2009). 

clusterProfiler (Wu et al., 2021; Yu et al., 2012) is an R/Bioconductor package that allows for 

the determination and visualisation of enriched genes. This tool was utilised in this study as it 

provides a wide range of visualisation options for the enrichment results.  

 

The over-representation analysis facet of clusterProfiler utilises various pathways databases 

such as GO, KEGG, wikiPathways, Reactome, Disease Ontology and Medical Subject 

Headings (MeSH). The GO and KEGG databases were utilised in this study as they are well 

established, with rigorous curation. These are manually curated databases that obtain their 

information from the scientific literature (Ashburner et al., 2000; Kanehisa et al., 2010). They 

provide repositories that allow clusterProfiler to access various pathway annotations. A 

limitation of overrepresentation analysis is that genes within a particular GO term are treated 

with equal importance, and therefore a change in expression of a gene that may regulate genes 

within the pathway will have a greater effect than the change in expression of one of the target 

genes.  

 

The DEG list was input into the enrichGO function for GO enrichment. The universe was 

provided as a list of all the genes quantified for each corresponding treatment. Gene function 

annotations are classified according to three aspects in the GO consortium. These are: 

molecular function, cellular component and biological process, which pertains to the molecular 

activities of the gene product, the location where the gene product functions and the process in 

which the gene product functions, respectively (Ashburner et al., 2000; Balakrishnan et al., 

2013). Accordingly, the ontology was specified as molecular function (‘MF’), cellular 

component (‘CC’) or biological process (‘BP’) within the function.  

 

A hypergeometric distribution, which is a discrete probability distribution, was used, thereby 

representing the probability of observing the number of experimentally differentially expressed 
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genes in the pathway of interest and the total number of genes in that annotated pathway 

according to the provided universe, without replacement, relative to the total number of 

pathway-related genes in the database (Karp et al., 2021; Yu et al., 2012). Through this, p-

values for each GO term were obtained, which were then subject to correction for multiple 

testing (Yu et al., 2012). The multiple testing adjustment method was set to the Bejamini 

Hochberg procedure with “BH”, and the significance threshold was set to α = 0.05. This 

produced a matrix of GO terms and their corresponding IDs, gene counts indicating the number 

of genes enriched for that term, corresponding lists of these genes, and their associated p-values 

and adjusted p-values.  

 

The enrichKEGG function was also used, as it allows a KEGG enrichment analysis to be 

performed. Here, the organism was specified as Homo sapien and the relevant gene list was 

used as input. The p-value threshold was set to α = 0.05. Like GO enrichment, enrichKEGG 

utilises a hypergeometric distribution. This produced a matrix of KEGG IDs, as well as 

associated descriptions of the relevant pathways, together with their associated p-values and 

adjusted p-values. The tool, pathview (Luo and Brouwer, 2013), was utilised (through the 

pathview function) to produce visualisations of the corresponding KEGG pathway maps, 

colour-coded by level of gene expression.  

2.7 Data and Code Availability 

The data used to generate the findings in this study was generated by Liu et al., (2018) and is 

publicly available in the ENA under the accession number PRJNA449980. All code used to 

generate the findings in this study can be found at https://github.com/keldacp/masters.  
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Chapter 3: Results 

3.1 Quality Control of RNA Sequencing Data 

Quality control analysis of the RNA sequencing data used in the study revealed the raw, 

unnormalized data to be of high quality. The per base sequence quality was found to be both 

high (Phred quality scores > 30) and comparable across replicates and treatment conditions 

(Figure 3.1A). The average sequencing depth was also found to be reasonably similar across 

replicates and treatment conditions, with untreated samples, PMA-treated samples, and VD3-

treated samples having an average of 50 247 522, 49 845 403, and 62 968 490 sequencing reads 

per sample, respectively (Figure 3.1B).  

 

 

 

 
 

Figure 3.1: General Quality Control Statistics of Raw, Unnormalised Data. A) Per base 

sequence quality for all sequencing files per sample show all samples with a Phred quality 

score > 30. B) Distribution of sequencing reads per sequencing file (two per replicate as a result 

of paired-end sequencing). 
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 3.2 Quality Control of Mapping Data 

A total of 389 236 755 sequencing reads were quasi-mapped to 178 398 reference transcripts 

across all nine sequencing samples included in this study. All samples had a mapping rate of > 

85% (Figure 3.2), meaning virtually all the sequencing reads in each sample were successfully 

assigned to a position within the reference transcriptome and used to estimate transcript 

abundances. These values take into account the reads that were recovered during orphan rescue, 

those not mapped as a consequence of failing to reach the alignment score threshold, and 

discarded dovetail mappings (Figure 3.3). 

 

 
Figure 3.2: Sample mapping rates. The percentage of reads quasi-mapped to the reference 

transcriptome (GRCh38.p13, and the Gencode v40 transcript annotations) was > 85% for all 

samples. 
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Figure 3.3: Sample read mapping and transcript abundance statistics. A) The number of 

reads removed for failing to meet the Salmon alignment threshold. B) The number of reads 

removed due to dovetail mappings. C) The number of orphan reads rescued. D) The number of 

reads mapped to the decoy transcripts that were excluded from downstream analyses.  

 
 

The distribution of the TPM values across all samples and replicates was plotted in order to 

determine if the distribution was skewed by any extreme highly or lowly expressed features. 

This also allowed us to ensure that the samples were comparable with respect to library content 

(Figure 3.4). TPM values were found to be similar across all replicates within each treatment 

condition. The distribution of TPM values was also very similar across all treatment conditions. 

The TPM values for the genes encoding CD14, CD16 (FCGR3A) and CD36 were highlighted 

along the TPM distribution (Figure 3.4), as they were used as markers for the macrophage-like 

state, monocyte/macrophage state, and monocyte-like, respectively. Increased TPM values 

were observed for CD14 (a marker for a macrophage-like state) in both VD3-treated and PMA-

treated samples, relative to untreated samples. However, it was noted that PMA-treated 

replicate 1 and untreated replicate 3 displayed results inconsistent with the other replicates in 

these treatment conditions. Similarly, inconsistencies were noted in the VD3-treated samples, 
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where replicate 3 showed a difference with respect to CD16 expression. Relative to replicates 

1 and 2, replicate 3 of the VD3-treated samples showed no expression of CD16. Furthermore, 

replicate 3 of the untreated samples displayed a marker expression pattern more consistent with 

VD3-treatment, with respect to CD16. 

 

 
Figure 3.4: Distribution of TPM values per sample, across all treatment conditions. TPM 

values on the x-axis are plotted on a log-scale. The expression of the marker genes CD14 

(macrophage-like marker), CD36 (monocyte-like marker), and FCGR3A/CD16 

(monocyte/macrophage marker) are indicated on the distribution for each sample. Untreated 

replicate 3 was inconsistent with replicate 1 and 2 of the same condition with regard to CD16, 

CD14 and CD36. Similarly, VD3-treated replicate 3 was inconsistent with its corresponding 

replicates with respect to CD16 and CD36. PMA-treated replicate 1 was inconsistent with 

replicates 2 and 3 with respect to CD14 expression.
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3.3 Differential Gene Expression Analysis 

The raw counts were normalised for sequencing depth and log-transformed (Figure S1), then 

further normalised with the regularised logarithmic DESeq2 function. Principal components 

analysis (PCA) of the transformed counts was performed, which showed clustering of samples 

predominantly based on treatment condition (Figure 3.5 and Figure 3.6), with 96% and 86% of 

the variance captured by the first principal component for PMA treatment and VD3 treatment, 

respectively. Replicate 1 of the VD3-treated samples was seen to cluster with replicates 1 and 

2 of the untreated samples (Figure 3.5A). Additionally, replicate 3 from the untreated samples 

clustered with replicates 1 and 2 of the VD3-treated samples. Based on this, and the 

inconsistencies seen, where replicate 1 from the untreated samples and replicate 3 for both the 

PMA and VD3 samples showed inconsistent marker expression relative to their counterparts, 

replicate 3 of the untreated samples was excluded from further analyses. Similarly, PMA-

treated replicate 1 was removed from further analysis due to this inconsistency in marker 

expression (Figure 3.4), despite clustering consistently with the other replicates in their 

treatment conditions during PCA (Figure 3.6A).  
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Figure 3.5: Principal Component Analysis (PCA) of VD3-treated and untreated THP-1 

samples following rlog normalisation. A) clustering of all available samples B) clustering of 

samples after replicate 1 of the VD3-treated group and replicate 3 for the untreated group were 

removed from the analysis.  
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Figure 3.6: Principal Component Analysis (PCA) of PMA-treated and untreated THP-1 

samples following rlog normalisation. A) clustering of all available samples B) clustering of 

samples after replicate 1 from the PMA-treated samples and replicate 3 from the untreated 

samples were removed from the analysis.  
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From the total of 17 504 genes analysed, differential gene expression analysis with DESeq2 

revealed a total of 3 989 (22.79%) genes to be differentially expressed in response to PMA 

treatment (Figure 3.7A), relative to untreated THP-1 cells, while only 384 (2.19%) genes were 

found to be differentially expressed in response to treatment with VD3 (Figure 3.7B). Following 

PMA treatment, more genes were found to be significantly down-regulated than up-regulated. 

However, the opposite was observed for VD3 treatment, where more genes were significantly 

up-regulated than down-regulated. A total of 167 genes were found to be significantly 

differentially expressed in response to both PMA and VD3 treatment (Figure 3.8A), 3 822 genes 

were found to be significantly differentially expressed in response to PMA treatment only, and 

217 genes were found to be significantly differentially expressed in response to VD3 treatment 

only (Figure 3.8A). Of the 167 DEGs identified in both treatments, 31 (18.56%) and 5 (3%) 

genes, respectively, were observed to be up-regulated and down-regulated irrespective of the 

treatment (i.e., differentially expressed in both) (Figure 3.8B). Furthermore, 37 (22.16%) of the 

167 DEGs were up-regulated in PMA-treated cells and down-regulated in VD3 treatment, and 

94 (56.29%) were down-regulated as a result of PMA but up-regulated following VD3 

treatment (Figure 3.8B).  From the 3 822 genes differentially expressed only as a result of PMA 

treatment, 1908 (49.92%) were down-regulated and 1914 (50.08%) were up-regulated (Figure 

3.8C). From the 217 DEGs observed only as a result of VD3 treatment, 37 (17.05%) were 

down-regulated and 180 (82.95%) were up-regulated (Figure 3.8D). 
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Figure 3.7: Volcano plot depicting the number of significantly up- and down-regulated 

genes identified in each treatment condition. A) genes significantly differentially expressed 

in response to PMA treatment and B) genes significantly differentially expressed in response 

to VD3 treatment. Significance was determined with a threshold of an adjusted p-value < 0.05 

and a log2(fold change) threshold of 1.  
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Figure 3.8: Differentially expressed genes unique to, and shared between, PMA and VD3 

treatment. A) The number of genes that were differentially expressed as a result of both 

treatments, and as a result of PMA treatment and VD3 treatment individually. B) Of the genes 

differentially expressed as a result of both treatments, the number of genes expressed 

independent of treatment (i.e. up-regulated and down-regulated in both) were determined, as 

well as the number of genes that were differentially expressed in both treatments but in opposite 

directions (i.e., up-regulated in one and down-regulated in the other and vice versa). C) Of the 

genes differentially expressed as a result of PMA treatment only, the number of up- and down- 

regulated genes were determined. D) Of the genes differentially expressed as a result of VD3 

treatment only, the number of up- and down- regulated genes were determined. Significance 

was determined with a threshold of an adjusted p-value < 0.05 and a log2(fold change) threshold 

of 1. 
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3.4. VDR expression and VD3 responsiveness 

Given that PMA-treatment resulted in far more differentially expressed genes in the THP-1 

cells compared to VD3 treatment, the relative expression levels of VDR itself (to confirm 

expression) and that of two primary VDR target genes, cathelicidin anti-microbial peptide 

(CAMP) and cytochrome P450 family subfamily A member 1 (CYP24A1) (to confirm 

transactivation activity) were assessed. It was observed that, in VD3-treated cells, VDR is 

expressed, however the change in expression relative to untreated cells was not significant. 

Furthermore, the relative expression of the VDR target genes, CAMP and CYP24A1, were 

shown to increase significantly in expression as a result of VD3 treatment. No significant 

changes in expression of VDR, CAMP or CYP24A1 was observed as a result of PMA treatment 

(Figure 3.9). 

 

 

 
Figure 3.9: Relative expression levels of VDR and VDR target genes, CAMP and 

CYP24A1, as a result of PMA and VD3 treatment. Significantly differentially expressed 

(adjusted p-value < 0.05 and log2(fold change) < |2|) and non-differentially expressed genes 

are depicted for each treatment. 
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3.5 Over-representation Analysis 

The genes found to be significantly differentially expressed in response to treatment were used 

in an over-representation analysis using the enrichGO function provided in clusterProfiler v.4.0 

(Wu et al., 2021). All significant GO terms are listed in Table S1. 

 

3.5.1 Genes involved in myeloid differentiation 

Following GO over-representation analysis, the myeloid leukocyte differentiation GO term was 

more closely analysed to identify the key genes involved in the differentiation process as a 

result of each treatment. The myeloid leukocyte differentiation GO term is the parent GO term 

that encompasses the monocyte and macrophage differentiation GO terms. The term contains 

249 genes (Table S2), 67 of which were significantly differentially expressed in response to 

PMA treatment and five of which were significantly differentially expressed in response to 

VD3 treatment (Figure 3.10). Transcription factor binding to IGHM enhancer 3 (TFE3), KIT 

proto-oncogene and tribbles-1 (TRIB1) were found to be significantly differentially expressed 

in response to both treatments. Notably, KIT was up-regulated in PMA-treated cells but down-

regulated in VD3-treated cells. Ras association domain family member 2 (RASSF2) and 

peroxisome proliferator-activated receptor gamma coactivator 1-beta (PPARGC1B) were 

found to be differentially expressed in response to VD3 treatment only, with an additional 64 

genes being differentially expressed in response to PMA treatment only. Among the genes that 

were found to be significantly differentially expressed in response to PMA treatment were 

CSF1, CSF-2 and CSF-3 (Figure 3.10), which are known crucial players in the classically 

defined differentiation process. CSF1, CSF-2 and CSF-3 were not differentially expressed 

following VD3 treatment (Figure 3.10). Furthermore, some of the key transcription factors 

known to be involved in the process of monocyte-to-macrophage differentiation were 

significantly differentially expressed in response to PMA treatment, but not VD3 treatment 

(Figure 3.11). PMA treatment resulted in up-regulation of CEBPA, GATA2 and IRF8 and 

down-regulation of CEBPB, while VD3 treatment showed no significant difference to the 

untreated control. Notably, PMA treatment did not result in changes in expression of CEBP$, 
KLF2, KLF4 and SPI1.  
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Figure 3.10: Genes within the GO term, myeloid differentiation, significantly differentially expressed in response to treatment with VD3 

and PMA. Blank regions indicate genes from the GO term that were not differentially expressed in response to either PMA or VD3 treatment, 

while coloured-regions indicate the genes from the GO term that were significantly differentially expressed as a result of either treatment. The 

direction of the change in expression is depicted by the colour gradient of log2(fold change). 
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Figure 3.11: Changes in the expression levels of transcription factors known to be 

involved in monocyte-to-macrophage differentiation in response to treatment with PMA 

and VD3. Significant differential expression (adjusted p-value < 0.05 and log2(fold change) < 

|2|) and non-differentially expressed transcription factor genes are depicted for each treatment. 

 
 

3.5.2. Genes encoding monocyte- and macrophage-specific cell surface markers  

To identify the stage of the differentiation process and characterise the maturity of the 

macrophage-state induced, monocyte and macrophage-specific cell surface markers were 

analysed. Enrichment analysis revealed significant down-regulation and up-regulation of CD14 

expression as a result of PMA and VD3 (Figure 3.12) treatment, respectively. In addition, PMA 

treatment resulted in reduced expression of the CD13 surface marker, as well as genes encoding 

the cytokines TNF, granulocyte-macrophage colony-stimulating factor (GM-CSF) and M-CSF. 

Significant up-regulation of human leukocyte antigen-DR (HLA-DR) and CD64 was also 

observed as a result of PMA treatment (Figure 3.12), while not being differentially expressed 
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in VD3-treated cells. Notably, no change in expression was observed in CD33, CD116 and 

CD123 as a result of PMA treatment.  

 

 

 
Figure 3.12: Genes encoding cell surface markers associated with macrophage 

differentiation that were significantly differentially expressed in response to PMA and 

VD3 treatment. Blank regions indicate genes that were not significantly differentially 

expressed in response to treatment while coloured regions indicate the cell surface marker 

genes that were significantly differentially expressed as a result of either treatment. The 

direction of the change in expression is depicted by the colour gradient of log2(fold change). 

 
 

3.5.3 Genes involved in the response to Vitamin D3  

The ‘response to vitamin D’ GO term was also analysed in greater depth to determine the extent 

to which the VD3 signalling pathway was activated as a result of the different treatments. This 

GO term contains 34 genes (Table S3), 11 of which were significantly differentially expressed 

in response to PMA treatment and two were significantly differentially expressed in response 

to VD3 treatment. Notably, vitamin D receptor (VDR) is among the genes associated with this 

GO term (Table S3), but was not observed in Figure 3.13 as it was not differentially expressed 

in response to either treatment. Only two genes involved in this process were found to be 

significantly differentially expressed (up-regulated), following VD3 treatment, namely 
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CYP24A1 and tenascin C (TNC) (Figure 3.13). These genes were not significantly differentially 

expressed in response to PMA treatment, but an overall pattern of significant down-regulation 

was observed in other genes involved in this process, such as  plasma membrane calcium-

transporting ATPase 1 (ATP2B1), CYP27B1, pim-1 proto-oncogene serine/threonine kinase 

(PIM1), secreted phosphoprotein 1 (SPP1), stanniocalcin-1 (STC1), stanniocalcin-2 (STC2) 

and tripartite motif containing 25 (TRIM25) in PMA-treated cells relative to untreated cells 

(Figure 3.13). Overall, it was found that there was no overlap in significantly differentially 

expressed genes within this GO term between the two treatment conditions.  

 
Figure 3.13: Genes within the GO term, response to vitamin D, significantly differentially 

expressed in response to treatment with VD3 and PMA. Blank regions indicate genes from 

the GO term that were not differentially expressed in response to either PMA or VD3 treatment, 

while coloured-regions indicate the genes from the GO term that were significantly 

differentially expressed as a result of either treatment. The direction of the change in expression 

is depicted by the colour gradient of log2(fold change). 
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3.5.4. Genes involved in the innate immune response 

In order to determine the implications the different treatments would have for pathogen 

recognition, and therefore their relevance as a model system, the genes involved in the TLR 

signalling pathway were analysed. PMA treatment resulted in a change in the expression of 

multiple genes involved in the toll-like receptor (TLR) signalling pathway (Figure 3.14A), with 

notable decreases in the expression of TLR1, TLR2, and genes involved in pro-inflammatory 

immune responses (TNFa, IL-1B and IL-6). Significant down-regulation of IL-8, RANTES 

(regulated upon activation, normal T cell expressed and secreted), macrophage inflammatory 

protein-1 alpha (MIP-1α), and macrophage inflammatory protein-1 beta (MIP-1β) was also 

observed. No significant changes in expression were observed for genes in this pathway in 

response to VD3 treatment (Figure 3.14B), but VD3 treatment resulted in significant up-

regulation of CD14, which was significantly down-regulated in PMA treated cells.  
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Figure 3.14: The toll-like receptor (TLR) signalling pathway. A) highlighting genes 

significantly differentially expressed in response to PMA treatment. B) highlighting genes 

significantly differentially expressed in response to VD3 treatment. The direction of the change 

in expression is depicted by the log2(fold change) scale, with up-regulated (green) and down-

regulated (red) genes shown. 

 

B 

A 
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Chapter 4: Discussion 
PMA and VD3 are known inducers of differentiation of promonocytic cell lines such as the 

THP-1 cell line. As such, these agents are used in THP-1 cells to model monocyte-to-

macrophage differentiation. This study compared THP-1 cells treated with each of these agents 

to an untreated state and identified genes that were significantly differentially expressed as a 

result of these treatments. PMA treatment resulted in more changes in expression relative to 

VD3 treatment. The DEGs were assessed in terms of whether they were unique to either 

treatment or expressed as a result of both treatments. Furthermore, the involvement of these 

differentially expressed genes in specific pathways was analysed to determine the key players 

involved in shifting the cells toward a macrophage-like state in each treatment. Apart from a 

few genes observed to be crucial to the process of differentiation, irrespective of treatment, the 

treatments were observed to largely involve different biological pathways, resulting in cells 

that were phenotypically distinct from each other at the transcriptional level. This included 

changes observed in the expression of genes encoding transcription factors known to be 

involved in the differentiation process, as well as those encoding surface markers representative 

of monocytes and macrophages.  

4.1. Key Players in the Differentiation Process 

Genes associated with myeloid differentiation that were differentially expressed as a result of 

both treatments were used to determine common genes responsible for the movement of the 

cells toward a macrophage-like phenotype. These genes included TFE3, KIT and TRIB1. TFE3 

is from a family of basic helix-loop-helix leucine zipper transcription factors (Steingrimsson et 

al., 2002). TFE3 has been associated with the differentiation of monocytes into macrophages 

in U937 and HL-60 cells treated with PMA (Zanocco-Marani et al., 2006). Another study done 

by Zanocco-Marani and colleagues further outlined that TFE3 acts as a regulator for the 

transcription factor, MAFB (Zanocco-Marani et al., 2009). Several studies have reported 

MAFB expression to trigger macrophage differentiation with resulting end states showing a 

reduced monocyte and DC phenotype (Sieweke et al., 1996; Bakri et al., 2005; Gemelli et al., 

2006). Zanocco-Marani et al., (2009) showed that MAFB (basic leucine zipper transcription 

factor) increases in expression, but to a lesser extent, in the presence of TFE3 during 

differentiation, however the associated time-point of the differentiation process was not 
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reported. We observed a significant decrease in the expression of TFE3 as a result of both 

treatments, and furthermore, MAFB was down-regulated following PMA treatment and not 

differentially expressed as a result of VD3 treatment.  

 

These findings were inconsistent with the claim that MAFB and TFE3 increase upon PMA 

stimulation. This inconsistency may be attributed to a number of factors. TFE3 expression was 

measured in HL-60 and U937 after 36 hours of PMA treatment (Zanocco-Marani et al., 2006), 

while this study observed TFE3 expression in THP-1 cells following 72 hours of PMA 

treatment. It is plausible that the cells in our study have surpassed the stage of differentiation 

where TFE3 increases and are indicative of a more mature macrophage-like state. In addition, 

this study utilised data where the PMA concentration used to induce differentiation was higher 

and this likely influences the result observed. In addition, with respect to MAFB expression, it 

is important to note that while MAFB expression is associated with the process of 

differentiation, its inactivation does not prevent differentiation (Gemelli et al., 2006). This 

supports the notion that the process of differentiating monocytes into macrophages is governed 

by a host of transcription factors. The role of TFE3 in the differentiation process, outlined in 

various studies and the fact that its expression was seen to reduce as a result of both treatments 

in this study, suggests that TFE3 is a common and key gene associated with the differentiation 

of monocytes into macrophages and that this expression is likely influenced by treatment time 

and concentration.  

 

Another gene that was observed as differentially expressed (down-regulated) as a result of both 

treatments was TRIB1. TRIB1 is a pseudokinase that aids in the control of signalling pathways 

such as the mitogen activated protein kinases (MAPK) and PI3-kinase pathway. TRIB1 is a key 

oncogene in acute myeloid leukaemia (Röthlisberger et al., 2007; Yoshida et al., 2013) and has 

been shown to play an key role during the differentiation of M2 macrophages in early 

atherosclerosis (Satoh et al., 2013), as well as in prostate cancer (Liu et al., 2019). The latter 

study assessed the effect TRIB1 had on the differentiation of THP-1 cells within a tumorigenic 

microenvironment following co-culturing with prostate cancer cells. TRIB1 may, therefore, be 

a key player in the differentiation of monocytes into macrophages, and may even play a role in 

macrophage polarisation. However, the extent to which it is involved in this process, 

specifically in THP-1 cells, is not yet entirely clear.  
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Genes known to be involved in myeloid differentiation and observed to be differentially 

expressed only in response to VD3 treatment include RASSF2 and PPARGC1B. RASSF2 is a 

VD3 target gene (Warwick et al., 2021), however the link between the gene and myeloid 

differentiation is unknown. Additionally, with respect to PPARGC1B, an epigenetic study 

performed by Seuter et al. (2013) classified PPARGC1B as an early VDR target gene with 

dynamic chromatin opening. This means that PPARGC1B may be a gene unique to VD3 

treatment that plays a key role in the differentiation process. Furthermore, PU.1, a pioneer 

transcription factor known to be involved in the monocyte-to-macrophage differentiation 

process, has been shown to be relevant to the transcriptional activation of VDR target genes  

such as PPARGC1B, where reduced PU.1 expression was associated with reduced PPARGC1B 

expression (Seuter et al., 2017). We observed no change in expression in the gene encoding 

PU.1 (SPI1) and down-regulation of PPARGC1B. While this may suggest a role for 

PPARGC1B expression in the differentiation process induced by VD3, independent of PU.1 

expression, it is also likely that at this time point, SPI1 has returned to baseline levels of 

expression.  

 

In keeping with the expression patterns of transcription factors known to be involved in the 

monocyte-to-macrophage differentiation process, VD3 treatment did not result in significant 

changes in gene expression of any of the factors assessed in this study. These include CEBP# 

(Reddy et al., 2002), CEBP! (Yang et al., 2000), GATA2 (Walsh et al., 2002), IRF8 (Meraro 

et al., 1999), and PU.1. Of these transcription factors, VD3 activity has previously been 

associated with regulation of CEBP# and PU.1. Through its interaction with transcription 

factors such as PU.1 and CEBPa, VDR has been shown to increase the chromatin accessibility 

of the enhancer regions that it binds to in its ligand-activated state (Nurminen et al., 2019; 

Seuter et al., 2017). Our findings showed no significant changes in the expression of these 

transcription factor genes. This suggests that VD3-induced differentiation likely occurs by 

means of a process dependent on the expression of these transcription factor genes at an earlier 

time point and after treatment for 72 hours this expression has returned to baseline levels.  

 

With respect to changes in the expression of transcription factors known to be involved in the 

differentiation process observed following treatment with PMA, CEBP# and GATA2 were seen 

to increase in expression, with no difference in expression observed in PU.1/SPI1. PU.1 has 

been found to inhibit GATA-2 at the protein-level (Zhang et al., 1999) and PU.1-mediated 
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down-regulation of GATA-2 expression has been shown to commit myeloid progenitors toward 

macrophage differentiation (Walsh et al., 2002). In addition to this, CEBP# expression has 

been associated with blocking of differentiation into macrophages in the U937 promyelocytic 

cell line (Radomska et al., 1998), as it has the ability to interfere with the transcriptional activity 

of PU.1 (Reddy et al., 2002). Dahl et al., (2003) demonstrated that at the protein-level, the 

relative concentration of PU.1 to CEBP# has the ability to determine commitment to either a 

macrophage or neutrophil cell fate. They further showed that CSF-3 plays a role in this decision 

by up-regulating CEBP# and shifting the cells away from a macrophage fate. These findings 

were not all consistent with what we observed at the gene expression level, where CEBP# 

increased in expression (opposite to what was expected) while CSF-3 was seen to decrease in 

expression, following PMA treatment.  

 

A study done by Gažová et al., (2020) demonstrated fairly constant expression of PU.1/SPI1 

in THP-1 cells over a period of 96 hours, after treatment with 48.6 nM PMA, with notable 

peaks in expression during the 8-10 hour timepoints. This was not consistent with what was 

observed in this study, as PU.1/SPI1 was observed to have no significant change in expression 

following 72 hours of treatment with 500 nM PMA. While the PMA concentration may be at 

the core of this difference, the findings of  Gažová et al., (2020) suggests that the process of 

differentiation induced by PMA is not linear. Instead, it likely involves a cascade of transiently 

up- and down-regulation of the expression of genes that encode known transcription factors 

(Gažová et al., 2020). Therefore, the inconsistencies observed in the expression of the known 

transcription factors associated with differentiation, assessed in this study, may be indicative 

of expression at an alternate stage of the differentiation processes, where the resulting state is 

independent of PU.1 and GATA-2 and CEBP# is transiently up-regulated.  

 

The treatments also showed distinct differences in the expression of traditional monocyte and 

macrophage cell surface markers. The monocyte-surface marker gene, CD14, is down-

regulated during differentiation of primary monocytes into macrophages (Steinbach and Thiele, 

1994). CD14 expression in PMA-treated THP-1 cells was consistent with primary cells in this 

regard. VD3-treated cells, however, showed increased expression of CD14. This increase in 

CD14 expression was consistent with findings from studies using VD3 as a differentiation 

inducing agent in other  monocytic cell lines (Sadeghi et al., 2006; Daigneault et al., 2010;). 

The up-regulation of CD14 due to VD3 and the down-regulation of TLR2 expression as a result 
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of PMA treatment was found to be consistent with what has previously been reported when 

differentiating primary monocytes into macrophages (Daigneault et al., 2010; Henning et al., 

2008; Steinbach and Thiele, 1994). A notable up-regulation of CD64 was also observed in 

PMA-treated cells. CD64 is constitutively expressed on monocytes and macrophages 

(Akinrinmade et al., 2017) and according to Hristodorov et al., (2015) CD64 increases in 

expression on the surface of macrophages that are polarised toward the M1 phenotype. This 

reinforces the notion that PMA treatment is shifting the cells toward a macrophage-like 

phenotype.   

 

The differing patterns of expression observed in myeloid differentiation genes and transcription 

factors for both treatments indicate that while there are a few common changes in gene 

expression, different processes are being initiated and utilised by the different treatments. 

These findings further indicate that the macrophage-like cell states resulting from the different 

treatments induce distinct expression patterns from each other. It is made clear that while the 

state induced by PMA involves changes in many of the myeloid differentiation associated 

genes and known transcription factor genes, it is not representative of all characteristics of a 

macrophage. Furthermore, it is clear that VD3 treatment did not result in significant changes in 

what can be defined as a classically characterised process of myeloid differentiation and is 

associated with fewer characteristics and expression patterns consistent with a macrophage. 

4.2. VD3 Response and The Mechanism of Differentiation Induced by 

VD3 

VDR was not differentially expressed as a result of VD3 treatment. While this was not consistent 

with findings that VDR increases in expression upon VD3 stimulation (Pramanik et al., 2004), 

it did not indicate a lack of response to VD3 by the cell, as significant up-regulation was 

observed in the VDR downstream target genes, CAMP and CYP24A1. It has been shown that 

expression of the receptor is tightly controlled, and an increase in expression is not always 

observed upon stimulation (Tulk et al., 2015). Therefore, we can deduce that the VDR pathway 

is, in fact, activated following VD3 treatment at the tested concentration. However, due to the 

concentration of the VD3 used in this study likely being too high, a negative feedback loop may 

have been triggered in an effort to maintain homeostasis. VD3 levels are carefully regulated in 

a negative feedback loop, where VD3 inhibits 1-α-hydroxylase (CYP27B1) while also 

stimulating 24-hydroxylase enzymes (CYP24A1), which is consistent with our observations. 
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This ensures that VD3 levels are maintained within a limited range and prevents excessive VD3 

signalling (Aranow, 2011). Therefore, it may be that the concentration of the VD3 used in this 

study resulted in inhibition, rather than activation, of this response.  

 

VDR has previously been shown to act together with PU.1 and CEBP# to regulate myeloid 

differentiation (Barragan et al., 2015). However, the observed expression pattern of key 

transcription factors associated with monocyte-to-macrophage differentiation, as well as that 

of other genes characterised as key players in the process, provided the impression that VD3 

treatment likely activates a different cascade of pathways to those induced by PMA treatment. 

Tenascin C (TNC) was differentially expressed as a result of VD3 treatment. The glycoprotein 

encoding gene has been found to be inhibited by VD3 in mammary epithelial cells (González-

Sancho et al., 1998), however this is inconsistent with the up-regulation of the gene we 

observed, which may be attributed to the VD3 concentration. TNC has also been identified as 

an endogenous modulator that is able to promote the polarisation of macrophages toward a M1 

phenotype. This is based on the ability of TNC to induce the production of pro-inflammatory 

cytokines through TLR4 (Yalcin et al., 2020). This suggests a link between TNC and VD3, as 

well as the macrophage phenotype, and that TNC expression may be a factor contributing to 

the shift in cell state to one more representative of a macrophage following VD3 treatment.  

4.3. Implications for Pathogen Recognition 

Genes involved in the TLR signalling pathway were shown to be significantly down-regulated 

in response to PMA treatment. Changes in the expression of genes in this pathway may have 

important  implications for pathogen recognition when using this cell line and these treatments 

as the experimental system. A previous study (Sadeghi et al., 2006) reported that treatment 

with VD3 resulted in a reduction in TLR2 and TLR4 expression and suggested that the impaired 

response to bacterial PAMPs observed in monocytes treated with VD3 may be, in part, due to 

this down-regulation. However, no change in TLR2 and TLR4 expression in response to 

treatment with VD3 was observed in this study. This may have been due to the mentioned 

concentration of the reagent used in this study or different time periods of treatment. Down-

regulation of TLR1 and TLR2 was also observed following PMA treatment. This may also have 

implications for the detection of viral PAMPs, as human cytomegalovirus (HCMV) has been 

shown to induce an inflammatory response through TLR2 (Compton et al., 2003).  
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4.4. Implications for Cytokine Production 

A reduction in the expression of genes encoding pro-inflammatory cytokines was seen as a 

result of PMA treatment. While this is not what we expected to see with respect to TNF#, 

RANTES, and MIP1β, which have been seen to increase in a time and concentration dependent 

manner (Park et al., 2007), reduced IL-1! expression is characteristic of the shift from a 

monocyte-like state to that more representative of a macrophage (Awad et al., 2017). Upon 

stimulation, IL-1! is also known to increase the expression of TNF# (Jayaraman et al., 2013) 

and mediate the recruitment of additional pro-inflammatory factors such as IL-6, MIP1α, 

MIP1β (Jayaraman et al., 2010, 2013). This suggests that the reduction in expression of 

proinflammatory genes in the cell state resulting from PMA treatment, may be IL-1!-mediated. 

However, this would have to be confirmed through experimental studies. In addition, no 

changes in expression were observed in cytokine-encoding genes following VD3 treatment. A 

host of studies has observed VD3 treatment of THP-1 cells to result in an anti-inflammatory 

phenotype (Matilainen et al., 2010; Yang et al., 2012; Wang et al., 2014). This has been found 

to be the case in human monocytes and macrophages as well (Di Rosa et al., 2012; Du et al., 

2009). Interestingly, a study performed by Tulk et al., (2015) observed an IL-1!-mediated 

proinflammatory phenotype after stimulating PMA-differentiated THP-1 cells with VD3. 

Based on this, together with our findings, the effect that the treatments have on the cells’ 

cytokine production capacity is inconsistent and unclear with respect to previous studies. This 

indicates the need for caution when deciding on a treatment.  

4.5 Study Limitations 

Gene expression can be affected by a number of internal and external factors and therefore 

differential gene expression studies are not without limitations. Inconsistencies in the 

sequencing data resulted in the removal of a replicate from each treatment condition as well as 

the untreated samples. As such, the differential gene expression analysis was performed with 

only two replicates per condition. While the tools used in this analysis take such factors into 

consideration, this reduces the sensitivity of the analysis. In addition, conclusions in this study 

can only be drawn from relative changes in gene expression at the concentrations and time 

points tested.  
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4.6. Conclusions 

This study characterised transcriptional changes induced in THP-1 cells when treated with 

PMA and VD3 in order to bring about differentiation into a macrophage-like state. While there 

are common genes involved in both processes, such as TFE3, KIT and TRIB1, treatment of 

THP-1 cells with PMA and VD3 largely involve different biological pathways and resulted in 

cells that were phenotypically distinct from each other at the transcriptional level. PMA 

appeared to induce a macrophage-state representative of one at a different stage in the 

differentiation process relative to VD3 treatment. This was based on the cell surface marker 

expression, as well as expression of genes that are known to be key players in what can be 

defined as the “classical”, well characterised process of differentiation. Furthermore, PMA-

induced differentiation resulted in changes in a large number of the genes involved in this 

differentiation process, whereas VD3 did not. While it became clear that the cell states resulting 

from the different treatments did share some characteristics with macrophages, with respect to 

cell surface markers and transcription factor gene expression, they cannot be completely 

classified as macrophages, as there are core differences in the states induced between the 

different agents, as well as relative to what is expected of human macrophages. Genes such as 

TFE3, KIT and TRIBI may act as potential common key players within the differentiation 

process of THP-1 cells, irrespective of treatment. Furthermore, key differences observed in the 

expression of genes encoding pathogen recognition receptors and cytokines suggest that the 

differentiation-inducing agent used may have important implications for  these cells’ capacity 

to recognise  pathogens and produce cytokines. The findings of this study therefore emphasise 

that it is crucial to carefully consider the choice of differentiation-inducing agent when using 

THP-1 cells as an experimental system for studying monocyte-to-macrophage differentiation.  

4.7 Future Work 

In characterising the transcriptional changes resulting from treatment of THP-1 cells with 

different differentiation-inducing agents, the findings from this work suggest that factors need 

to be considered when choosing which cell line is appropriate for functional studies. 

Computationally, the findings in this study can benefit from the incorporation of additional 

omics studies. However, with respect to validating these findings experimentally, future work 

should include protein-level studies to determine if these differences and commonalities, with 

respect to the PMA and VD3 treatments, are observed at this level in THP-1 cells. Furthermore, 
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different concentrations of the inducing agents should be assessed. This would confirm the 

findings of this study and aid in characterising the agents as differentiation-inducers. In turn, 

this would provide markers specific to the THP-1 model system that can be referenced when 

deciding on and utilising a differentiation-inducing agent. 
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Appendices and Supplementary Data 

Supplementary Figures and Tables 

 
Figure S1: Distribution of normalised read counts per sample. A) Raw sequencing read 

counts were normalised for differences in sequencing depth. B) The normalised counts were 

further log2-transformed.  

 
 

Table S1: All Significant GO Terms Determined by Over-representation Analysis for PMA 

and VD3-treated cells 

Overrepresentation Results 

 

Table S2: All Genes Associated with the GO term, Myeloid Leukocyte Differentiation 

GO: 0002573 Myeloid Leukocyte Differentiation 

 

 

https://docs.google.com/spreadsheets/d/1xySv_NrakGMcvZfK_P5YAzAeEgfmsomBUHBFJE3kGis/edit#gid=1485940858
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Table S3: All Genes Associated with the GO term, Response to Vitamin D 

GO: 0033280 Response to Vitamin D 
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