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Abstract

HL-60, THP-1, and U937 are model cell lines that can undergo myeloid differentiation in
vitro, allowing the study of myeloid cell function in drug metabolism, cytotoxicity, and the
aetiology of infections. However, the differentiated end-state of these cells is not well
characterised. Moreover, cell line-specific differences in the level of gene expression may
confound results obtained from such studies. The aim of this study was thus to compare
changes in gene expression between HL-60, THP-1, and U937 cells in response to the
differentiation agent, phorbol 12-myristate 13-acetate (PMA), 48 hours after treatment. Gene
expression profiles were compared across all three cell lines prior to and post-PMA
treatment. Differential gene expression analysis between treated and untreated cells was
performed using DESeq2 (v 4.2). Gene over-representation analysis was performed using
clusterProfiler (v 4.0). HL-60, THP-1, and U937 cells had similar expression profiles prior to
PMA treatment, but different sets of genes were significantly differentially expressed in these
cell lines 48 h after treatment with PMA. A total of 475 genes were consistently differentially
expressed across all cell lines. These genes were found to be involved in phagosome
formation and cell cycle transition. HL-60, THP-1, and U937 cells had 944, 1231, and 624
uniquely differentially expressed genes, respectively. These genes were predominantly
involved in energy metabolism and pathogen recognition. Overall, THP-1 cells showed
greater potential to detect viruses, while U937 cells showed greater potential to detect
bacteria. From this, it can be concluded that while all three cell lines did indeed undergo
myeloid differentiation, the macrophage-like cell state produced in each case differed

between cell lines.

10



1. Introduction

1.1 Innate immunity

The immune system comprises cells that function to regulate cellular activity, maintain
cellular homeostasis, and defend against pathogens (Kaufmann, 2019). These cells are
divided between two major divisions, namely the innate and adaptive immune responses
(Janeway, 1989; Turvey and Broide, 2010). Distinguishing factors between these two
responses include the timing of the response and the mechanisms used during the response.
Innate cells are activated as a first line of defence against pathogens or any unusual cell
activity (Turvey and Broide, 2010). This is achieved through the rapid activation of cells at
the site of infection, followed by the migration of cells to the infected area. In both responses,
defence mechanisms are enforced against the pathogen, to destroy it and restore tissue
homeostasis. Innate cells produce an untargeted response against any foreign element and

later activate the adaptive immune response (Turvey and Broide, 2010).

Detection of pathogens by innate immune cells involves the detection of generic or common
viral or bacterial elements, hence it is not as specific as the adaptive response. Innate
immunity detects pathogen molecules that are important for the survival of the pathogen and
virulence in the host. This is effective because these are highly conserved elements, namely,
proteins, carbohydrates, nucleic acids, and lipids obtained from the pathogen (Turvey and
Broide, 2010). Since these molecules are not typically expressed by healthy human cells,
cells that harbour them are identified as foreign (Tang ef al., 2012). Examples include the
peptidoglycan envelope protein found in many bacteria, the zymosan protein detected in
fungi, or the single-stranded RNA (ssRNA) found in many viruses. These elements are
known as pathogen-associated molecular patterns (PAMPs) and they are recognized by

pathogen recognition receptors (PRRs) found on the surface of innate cells (Figure 1.1).
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Figure 1.1: Examples of pathogen-associated molecular patterns (PAMPS) and
damage-associated molecular patterns (DAMPS). Innate immune cells express pathogen
recognition receptors (PRR) that detect conserved pathogenic elements (PAMPs) and signals
of cellular damage (DAMPs). PRRs include Toll-like receptors (TLR), NOD-like receptors
(NLRs), Retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLR) and Receptor for
advanced glycation endoproducts (RAGE). Figure adapted from Tang ef al. (2012).

PRRs are grouped into various families based on the antigen that they interact with (Takeuchi
and Akira, 2010). Toll-like receptors (TLR) are a family of PRRs characterised by receptor
dimerization (Takeuchi and Akira, 2010). The structure and location of the dimer determines
the type of PAMP that TLRs can interact with. TLRs can be localized on either the
extracellular or intracellular region of the cell (Figure 1.2). TLR1 and TLR2 dimerize
together to detect bacterial PAMPs (Takeuchi and Akira, 2010). TLRs 2/4/9 interact with a
variety of PAMPs from bacteria, fungi, protozoa, and viruses (Takeuchi and Akira, 2010).
TLRS exclusively interacts with bacteria by detecting flagellin. TLR3 interacts with viruses
by interacting with double-stranded RNA (Takeuchi and Akira, 2010). TLRs 7 and 8 interact
with viruses by detecting single-stranded RNA antigens. In addition to the detection of
PAMPs, PRRs detect molecules that are overexpressed in injured cells. Damage-associated
molecular patterns (DAMPS) are proteins expressed by injured cells as indicators of

alterations in cell metabolism (Tang et al., 2012). Examples of cell injury include cell lysis,
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which induces the up-regulation of the high mobility group box1 protein (HMGB1), the

release of heat shock proteins, and uric acid (Rubartelli and Lotze, 2007).

PAMP LPS

& TLR1 TLRS
TLR2 TLR6 (1) TLR4

/ TLR7
* ssRNA
vy ( v
MyD88 ) «—— —— ( TRIF
N
IRAK1/4 .TRAFs TLR9 TLR3
+ ssDNA » dsDNA J

e b
Expression of genes

Figure 1.2 : Extracellular and intracellular interactions between TLRs and PAMPs.
TLRs on the extracellular matrix recognise PAMPs such as LPS, whereas, intracellular TLRs
detect nucleic acids such as DNA and RNA. TLR receptors interact with effector molecules
such as the myeloid differentiation primary response gene (MyD88), interleukin 1 associated
kinase (IRAK1/4) , tumour necrosis factor receptor associated factor 6 (TRAF6),
TIR-Domain containing adaptor-inducing interferon g (TRIF), and transforming growth

factor - activated kinase 1 to induce gene expression. Adapted from “TLR signalling

pathway (with type I interferon gene expression)”, by BioRender.com (2023). Retrieved from
https://app.biorender.com/biorender-templates

The binding of a PAMP to a PRR induces an immune response (Takeuchi and Akira, 2010),
characterised by the activation of cell signalling cascades that alter gene expression (Figure
1.3). Genes expressing various signalling molecules trigger the cells to initiate self-defence

mechanisms against the pathogen and recruit other cells to the site of infection. Among
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others, these signalling cascades induce cell proliferation, division, differentiation, and
inflammation (Rosales & Uribe-Querol, 2017). Such signalling pathways include the toll-like
receptor pathway, the NOD-like receptor pathway, and the NF-KB pathway (Figure 1.2 and
Figure 1.3). Cell division is necessary for an effective response to the infection because large
quantities of immune cells need to be transported to the region of injury or infection. These
viral or bacterial antigens are presented to CD4" T cells via MHC 1II receptors. Cytokines and
chemokines are released to alter the activity of other cells and initiate an inflammatory
response. Inflammation is the ordered recruitment of cells to a site of infection to target
foreign pathogens. It is directed by downstream targets of the signalling cascade with
transcription factors that are regulators of inflammatory responses. Examples include NF-KB
and Interferon regulatory factor (IRF) 3, which regulate the expression of inflammatory and

anti-inflammatory cytokines.
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Figure 1.3 : Interaction between NOD-like receptor, TLR and NF-KB pathways.
Intracellular activity of NOD-like receptors in response to intracellular bacteria (1,2 and 3),
leads to the activation of the NF-KB pathway (4 and 5).Translocation of the NF-KB
transcription factor is induced by TLR or NOD-like receptor activity (4 and 5). Key proteins
involved in this process include the receptor interacting serine/threonine kinase 2 (RIPK2),
Inhibitor of nuclear factor kappa-B kinase (IKK), nuclear factor essential modulator
(NEMO), and inhibitor of nuclear factor kappa-B (IkB).Adapted from “Detection of Bacterial
Peptidoglycan by NOD receptors”, by BioRender.com (2023). Retrieved from

https://app.biorender.com/biorender-templates
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The first evidence of innate immunity was in the discovery of phagocytosis (Janeway, 1989;
Kaufmann, 2008), which is the process by which cells detect PAMPs, allowing the ingestion
of foreign cell particles into a phagosome. Phagocytic cells are important for removing
microbial pathogens and apoptotic cells (Gordon, 2016). Hence, they regulate tissue
homeostasis. PRRs detect PAMPs and DAMPs to alert cells of the presence of a threat. PRRs
such as the mannose receptor, CD14, and CD36 detect DAMPs from apoptotic cells (Rosales
and Uribe-Querol, 2017). Phagocytosis is not only limited to immune cells. Fibroblasts and
epithelial cells can also perform phagocytosis, but they are only specialised to ingest
apoptotic bodies and not microorganisms (Rabinovitch, 1995). Professional phagocytes
engulf a pathogen and destroy it through lysosomal degradation (Rabinovitch, 1995). Such
cells include monocytes, neutrophils, dendritic cells, eosinophils, macrophages, and
osteoclasts (Rabinovitch, 1995). Following phagocytosis, antigens that are features of the
invading pathogen are processed by these cells and presented to the cells of adaptive

immunity (Turvey and Broide, 2010).
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Figure 1.4: A schematic diagram showing the key processes involved in phagocytosis.
A). Detection of a bacterial PAMP by a PRR on the surface of the phagocytic cell leads to the
ingestion of the pathogen into a phagosome. The pathogen is subjected to lysosomal
degradation. B) Bacterial antigens are presented to T-cells via the interaction between the
major histocompatibility complex (MHC) class II molecules and T-cell receptors (TCR).
Adapted from “CD4 T cell and dendritic cell interaction ”, by BioRender.com (2023).

Retrieved from https://app.biorender.com/biorender-templates

1.2. Differentiation of myeloid progenitor cells

Cell differentiation is a process through which cells become specialised for their specific
functions. Differentiation of myeloid progenitor cells in the bone marrow results in
monocytes, which are found in the circulatory system. This gives rise to a heterogeneous set
of cells characterised by the expression of the cell surface receptors, CD14 and CDI16
(Passlick et al., 1989). They are grouped into classical (CD14++ and CD16+), intermediate
(CD14+ and CD16+), and non-classical monocytes (CD14+ and CD16++) (Kapellos et al.,

2019; Ozanska et al., 2020). Classical monocytes are associated with the release of
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inflammatory cytokines when they enter tissues, hence they are also known as inflammatory
monocytes. Intermediate monocytes also release inflammatory cytokines and express
interleukin and tumor necrosis factor receptors (Kapellos et al., 2019; Passlick et al., 1989).
The release of cytokines leads to the recruitment of cells to the site of infection.
Consequently, this results in cells being in close proximity with antigen presenting cells,
allowing effective antigen presentation (Kapellos ef al., 2019). In contrast, non—classical
monocytes produce anti-inflammatory responses to repair damaged tissues during and after
inflammation (Passlick et al., 1989). Altogether, monocytes form about 10% of the peripheral
blood mononuclear cells (PBMCs) in the circulatory system (Passlick et al., 1989). PBMCs
are the collection of all the specialised immune cells within the blood (Acosta and
Hernandez, 2019). This collection is mostly made up of lymphocytes and monocytes (Sen et
al., 2018). The half life of classical monocytes is approximately 48 hours in the circulatory
system (Mohri et al., 2001). However, some monocytes migrate into tissues where they may

proceed to differentiate into other cell types (Chomarat et al., 2000; Jakubzick et al., 2013).

In response to cytokine signals, some monocytes travel to sites of infections where they
differentiate into either dendritic cells or macrophages. Differentiation begins when the
monocytes cross the endothelium, entering the tissue (Chomarat ef al., 2000). This process is
known as transendothelial migration. Various stimuli from the microenvironment drive
monocytes toward specific end-states. Granulocyte macrophage-colony stimulating factor
(GM-CSF) and interleukin-4 (IL-4) induce a dendritic cell end state (Chomarat et al., 2000).
IL-6 expression from fibroblasts increases the expression of M-CSF receptors on the surface
of monocytes (Chomarat et al., 2000). Consequently, the uptake of M-CSF takes place,
leading to a macrophage end-state (Chomarat et al., 2000). Following differentiation, these

cells exhibit a specific set of cell surface markers that indicate their end state.

Tissue-resident monocytes express the CD14 and CD68 markers, and similar genes relative to
monocytes found in circulation (Jakubzick et al., 2013). That said, the expression level of
some transcripts has been reported to be higher in tissue-resident monocytes compared to
circulatory monocytes (Jakubzick ef al., 2013). Examples of such transcripts include
cyclo-oxygenase-2 (COX-2) and MHC-II (Jakubzick et al., 2013). Jakubzick et al. (2013)
suggested that these changes result from microenvironment signals, particularly, the

interaction between monocytes and endothelial cells. These differences affect mechanisms

17


https://www.zotero.org/google-docs/?AGC0s5
https://www.zotero.org/google-docs/?M9oQ8m
https://www.zotero.org/google-docs/?u3VBoZ
https://www.zotero.org/google-docs/?SyfYhD
https://www.zotero.org/google-docs/?SyfYhD
https://www.zotero.org/google-docs/?X9NHE0
https://www.zotero.org/google-docs/?X9NHE0
https://www.zotero.org/google-docs/?UDuR7d
https://www.zotero.org/google-docs/?zJSm7w
https://www.zotero.org/google-docs/?6DsfeW
https://www.zotero.org/google-docs/?TCzqOK
https://www.zotero.org/google-docs/?rmZWfK
https://www.zotero.org/google-docs/?dExqq0
https://www.zotero.org/google-docs/?SHuiCY
https://www.zotero.org/google-docs/?mw0RfN
https://www.zotero.org/google-docs/?p0xZoP
https://www.zotero.org/google-docs/?4nRrNx

such as the detection of antigens and presentation of antigens using MHC Il receptors, as well

as inflammatory response involving COX-2 receptors (Jakubzick et al., 2013).

1.3 Monocyte-to-macrophage differentiation

In mammalian embryos, the yolk sac gives rise to most adult tissue-resident macrophages
(Figure 1.3). As the foetus develops, the liver contributes to the macrophage pool through
hematopoiesis (Tan and Krasnow, 2016). However, over time, macrophages may undergo
damage or become infected by pathogens (Tan and Krasnow, 2016). The process of
monocyte-to-macrophage differentiation thus serves, among others, to replenish damaged or
infected embryonically-derived tissue macrophages in adults (Tan and Krasnow, 2016). This
process yields various subtypes of macrophages that are specialised to perform their functions
in specific environments. They can be broadly grouped into M1 and M2 macrophages based
on their involvement in regulating inflammatory responses (Koppensteiner et al., 2012). M1
refers to macrophages that are inclined to perform inflammatory responses, whereas M2 is
mostly associated with anti-inflammatory responses (Martinez and Gordon, 2014). The
microenvironment directs the subtypes of macrophages that can be obtained from monocyte
differentiation (Martinez and Gordon, 2014) . High interferon-gamma expression leads to M1
macrophages. In contrast, the expression of interleukin factor-4 induces the M2 macrophage

phenotype (Martinez and Gordon, 2014).
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Figure 1.5: Unique origins of lung macrophages give rise to distinct subsets of
macrophages. Monocyte-derived-macrophages are derived from circulating monocytes. Yolk
sac and foetal liver monocytes give rise to tissue-resident macrophages (Yamasaki and Eeden,

2018).

In the lung there are various subpopulations of monocyte-derived macrophages, including
alveolar and interstitial macrophages (Tan and Krasnow, 2016). Alveolar macrophages are
concentrated in the pulmonary alveolus, where they maintain lung tissue homeostasis (Tan &
Krasnow, 2016). Interstitial macrophages are known to be more specialised for antigen
presentation and remodelling of the parenchymal tissue in the lungs (Gu et al., 2022; Tan and
Krasnow, 2016). Hofbauer cells are placenta macrophages that are essential for the
prevention of mother-to-child pathogenic transmissions (Epelman et al., 2014). Microglia in
the brain detect the accumulation of altered neurons and prevent infections in the central
nervous system (Epelman et al., 2014). Due to the wide variety of tissues and organs that are
protected by macrophages, monocyte-to-macrophage differentiation is a crucial process in
immunity. The process is central to the understanding of immune responses to microbes such

as bacteria, protozoa, fungi, and viruses. Monocyte-to-macrophage differentiation informs the
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design of therapeutic strategies targeting a variety of infections or defects such as

dysregulated tissue homeostasis and cancer.

1.4 Markers denoting monocyte-to-macrophage differentiation

There are notable physical differences in monocyte-derived macrophages relative to
monocytes. These include a bigger cell size, with a diameter of 21 micrometres relative to the
monocyte cell diameter of 9 micrometres (Koppensteiner et al., 2012). This can be associated
with increased efficacy of phagocytosis. Macrophages also have a high nuclear to
cytoplasmic ratio and exhibit mini pseudopods, granular chromatin irregular nuclei, and
cytoplasmic vacuoles (Doshi and Mitragotri, 2010). Differences in cell surface receptor
expression are also noted. For example, CCRS is expressed in significantly greater amounts
in macrophages relative to monocytes (Tuttle et al., 1998). This also leads to differences in
susceptibility to infection from pathogens that use these receptors. For example, macrophages
may be more likely to be infected with human immunodeficiency syndrome (HIV-1) relative
to monocytes. Reasons for this have not been clearly elucidated. However, one of the
proposed explanations suggests that it is because CCRS5 is one of the important receptors for

effective HIV-1 infection (Flynn ef al., 2013; Tuttle et al., 1998).

In addition to CCRS, other receptors are also used to denote macrophage differentiation,
namely, CD14, CD36, CD16, CD68, CD11b, and CD64. These are also the most commonly
used markers for studying differentiation in vitro. CD14 is a GPI-anchored receptor that is
involved in the detection of bacterial LPS and the recognition and removal of apoptotic cells
(Devitt et al., 1998). It lacks a transmembrane domain, therefore it requires coreceptors in
order to induce a downstream cell signalling cascade (Devitt et al., 1998). TLR2 and TLR4 are
important CD14 co-receptors for microbial ligands (Triantafilou and Triantafilou, 2002). CD36
is a non-collagenous scavenger receptor that is associated with atherogenesis, removal of
apoptotic cells, and providing resistance against bacteria that exhibit diacyl lipid PAMPs
(Taylor et al., 2005). Integrin receptor, CD11b, is important for the adhesion of macrophages to
the endothelium (Taylor ef al., 2005).
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1.5 Studying myeloid differentiation in vitro

In vitro studies on the differentiation process are essential to enhance our understanding of
immune cell activity. Model cell lines are often used instead of primary macrophages because
they can be easily substituted in the event of contamination (Gazdar et al., 2010). Some of
these cells are myeloid cells whose progression in the stages of myeloid differentiation has
been halted (Gocek and Marcinkowska, 2011). HL-60, THP-1, and U937 are examples of
commonly used cancer cell lines used to study myeloid differentiation. HL-60 is a cell line
that was obtained from an acute promyelocytic leukaemia tumor (Collins et al., 1977). It is
considered to be a promyelocytic cell line due to its ability to differentiate into
granulocyte-like as well as monocyte/macrophage-like cells in response to various
differentiation-inducing agents. Treatment of HL-60 cells with dimethyl sulphoxide,
actinomycin D, or retinoic acid results in granulocyte differentiation (Manda-Handzlik ef al.,
2018). Treatment with phorbol esters induces monocyte-to-macrophage differentiation

(Rovera et al., 1979).

THP-1 cells were obtained from the blood of a promonocytic myeloid leukaemia patient
(Tsuchiya et al., 1980). They are promonocytic, which implies a decreased differentiation
potential compared to HL-60. They can only undergo monocyte-to-macrophage and
monocyte-to-dendritic cell differentiation. A mixture of ligands, such as IL-4, GM-CSF, and
TNFa is used to induce a dendritic-like end state (Berges et al., 2005). Tsuchiya et al., (1980)
are most cited for their protocol for PMA-induced monocyte-to-macrophage differentiation of
THP-1 cells. THP-1 cells are considered the best myeloid cell line, relative to HL-60 and
U937 cells, based on the exhibition of a monocytic phenotype even at a steady state (Auwerx,
1991; Baxter et al., 2020). U937 is a promonocytic cell line obtained from a histiocytic
lymphoma (Sundstrom and Nilsson, 1976). They are more mature compared to THP-1 cells
because they were obtained from tissue cancer (Sundstrom and Nilsson, 1976). Tissue origin
implies further progression in maturation towards potential end-states. A dendritic-like
end-state can be induced in U937 cells through exposure to a self-peptide obtained from

apolipoprotein, Ep1.B (Stephens et al., 2008).
Steady-state HL-60, THP-1, and U937 cells exhibit nuclear and cytoplasmic traits that are

between those of monoblasts and monocytes (Swiatecka and Mackie, 2015). Treatment with

chemicals such as 1,25-dihydroxy-vitamin D; (VD;), phorbol esters or sodium butyrate
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induces monocyte-to-macrophage differentiation in HL-60 cells (Lotem and Sachs, 1979;
Padilla et al., 2000). Phorbol esters such as phorbol 12-myristate 13-acetate (PMA) result in
monocyte-to-macrophage differentiation in HL-60 cells (Ramirez et al., 2017). Similarly,
treatment of THP-1 and U937 cells with VD; or PMA results in monocyte-to-macrophage
differentiation (Green et al., 2020; Rossetti et al., 2017). All three cell lines are suspension
cells that differentiate to become adherent cells exhibiting macrophage-like characteristics
(Fontana et al., 1981; Tsuchiya et al., 1980). They all adopt an irregular shape and they
exhibit phagocytic vacuoles on the cell surface (Harris and Ralph, 1985). The resulting
macrophage-like cells have a phagocytic capacity for latex beads and express cytokine
profiles that resemble monocyte-derived macrophages (Swiatecka and Mackie, 2015). Thus,

they are appropriate models for studying monocyte-to-macrophage differentiation.

1.6 PMA as a differentiation-inducing agent

PMA has become a commonly used inducing agent because it was shown to produce a more
differentiated phenotype relative to VD; (Schwende et al., 1996). This was based on a
comparison of phagocytic ability, adherence, loss of proliferation, and the expression of
marker genes such as GD11b and CD14 in THP-1 cells (Schwende et al., 1996). Daigneault
et al. (2010) showed that macrophage-like cells derived from PMA-treated THP-1 resembled
primary macrophages better than VDs-treated cells. This comparison was based on the
potency of a TLR2 response, increase in observed lysosomes and mitochondria, as well as
resistance to apoptosis in the resulting cells. PMA treatment was shown to produce a
proinflammatory macrophage phenotype, which is similar to that induced by GM-CSF
(Daigneault ef al., 2010; Riddy et al., 2018).

Notably, the signalling pathways used by PMA and VD; differ significantly. Inducers such as
VD; induce differentiation through mechanisms that bypass certain pathways observed in
myeloid differentiation in vivo (Gocek and Marcinkowska, 2011; Hughes et al., 2010). PMA
makes use of pathways observed to be crucial for myeloid differentiation in primary
macrophages, which makes it a suitable inducer of differentiation (Kim et al., 2014). PMA
targets the protein kinase C (PKC) pathway (Daigneault ef al., 2010; Kim ef al., 2014). The
activation of PKC leads to a signalling cascade through the use of I Kappa B kinases (IKKs)
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(Kim et al., 2014). Kinases phosphorylate their targets and subject them to proteasomal
degradation (Ardito et al., 2017). Kinases attach an adenotriphosphate (ATP) molecule on the
target protein (Ardito et al., 2017). ATP donates a phosphate to the protein, making it
recognizable to E3 ubiquitin ligases (Ardito et al., 2017). These ligases add ubiquitin
molecules to the protein, attracting the proteasomal degradation machinery (Ardito et al.,
2017). Phosphorylation of the inhibitors of NF-KB, leads to the translocation of the NF-KB
transcription factor into the nucleus (Kim et al., 2014). This allows the expression of genes
that are necessary for monocyte-to-macrophage differentiation. These genes include cytokine
genes, inflammatory, and chemokine genes (Kim et al., 2014). There is also expression of
genes encoding transcription factors such as PU.1, which is involved in regulating the
expression of genes that give rise to macrophage features. Macrophage colony-stimulating
factor (M-CSF) is one of the genes regulated by the PU.1 transcription factor and it is

necessary to maintain the macrophage phenotype.

1.7 Factors affecting PMA-induced myeloid differentiation

Model cell lines differ from primary macrophages in numerous ways and these differences
need to be taken into account for the assessment and interpretation of PMA-induced
differentiation. Nascimento et al. (2022), showed that model cell line differentiation invokes
some of the typical cell signalling cascades noted in primary monocyte differentiation
differently. They showed that treatment of myeloid model cell lines with M-CSF does not
lead to a macrophage-like end state as it would in primary monocytes (Nascimento ef al.,
2022). This indicates differences in the activity of the mitogen-activated protein kinase
extracellular signal-regulated kinase (MAPK/ERK) signalling pathway which is typically
stimulated by M-CSF to invoke monocyte-to-macrophage differentiation (Richardson et al.,
2015). Schildberger et al. (2013) reported significantly lower levels of interleukins 6, 8, and
10 in THP-1 cells compared to primary monocytes. Kohro et al. (2004) used an
oligonucleotide microarray assay and showed that some genes are conversely regulated in
primary monocyte-derived macrophages and THP-1-derived macrophages. These genes
include IL-1p (interleukin 1 b), metalloproteinase 9, and alpha 2 microglobulin (Kohro et al.,
2004).
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There are also baseline gene expression differences between cell lines and they need to be
taken into account for assessing myeloid differentiation using cell lines. Sharif ez al. (2007),
showed that there are differences in the responses of macrophages derived from U937 and
THP-1 cells to lipopolysaccharide (LPS) treatment. They compared the level of TNFa
expression in macrophages obtained from both cell lines, finding that THP-1 macrophages
had higher levels of TNFa relative to U937 macrophages. They showed that this resulted
from an intact TLR4/TNF pathway in THP-1 cells (Sharif ez al., 2007). This implies that
there are differences in activated pathways and the level of activity of such pathways can lead

to differences in the expression of target genes.

It has been established that among model cell lines, there are genes involved in immune
responses that are expressed differently in U937 cells relative to THP-1 and HL-60 (Riddy et
al., 2018). Following PMA treatment for 48 hours, Riddy and colleagues (Riddy et al., 2018)
found that ILR1 was not differentially expressed in PMA-treated U937 cells but was in
HL-60 and THP-1 cells treated with the same concentration of PMA. Similarly, IL1-5 was
not differentially expressed in PMA-treated U937 cells, but was in HL-60 and THP-1 cells. In
contrast, IL1-f was up-regulated in PMA-treated THP-1 cells and down-regulated in
PMA-treated HL-60 cells. Macrophage-like cells derived from different cell lines are not
expected to be the same due to biological differences. Such differences include cell growth
and cell differentiation rates. These differences are useful in experimental studies as they
account for biological variability. This allows for three biological replicates to be assessed,
without the use of three donors. Furthermore, differences need to be taken into consideration

for the assessment of myeloid differentiation using these cells.

Using three model cell lines also limits false positive and false negative results that result
from assessing cellular functions related to genes that are expressed differently in these cell
lines. For example, cells that do not have differential expression of a marker gene that
denotes phagocytosis may be falsely considered to not have phagocytic ability if the gene is
not differentially expressed across all cell lines. On the contrary, some genes are constantly
expressed in abundance in certain cells, as such using them as markers would falsely indicate
an increased phagocytic potential. However, this challenge can be overcome by knowing the
genes whose relative expression changes across all cell lines and genes that are uniquely

differentially expressed in specific cell lines. This will inform marker gene selection, in order
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to accurately assess monocyte-to-macrophage differentiation and associated cellular functions

when using these three model cell lines.

Differences in microenvironment stimuli affect the resulting differentiated derivatives.
Experimental protocols used for differentiation alter the phenotype of the end-state and that
needs to be taken into account for the assessment of myeloid differentiation. There is a lack
of a defined consensus protocol detailing the appropriate concentration and duration of
treatment for PMA induced-differentiation (Daigneault et al., 2010; Baxter et al., 2020). This
is an imperative consideration for assessing differentiation in vitro because stimuli inducing
differentiation also affect marker expression (Mukhopadhyay and Gordon, 2004).
Furthermore, the reproducibility of studies and results is strongly influenced by culture
conditions, as they can influence differences in gene expression (Lebeyec et al., 2007).
Baxter et al. (2020) assessed different concentrations of PMA followed by incubation with
different cytokines. They showed that different differentiation protocols resulted in
THP-1-derived macrophages with unique polarisation states. Treatment with 10 ng/ml of
PMA for 24 hours followed by IL-4 incubation resulted in M2 differentiation (Baxter ef al.,
2020). This was assessed based on receptor expression, such as the up-regulation of CD163
(Baxter et al., 2020). In contrast, when they used a higher concentration of PMA followed by
cytokine incubation, effective polarisation was not achieved (Baxter ef al., 2020) . Daigneault
et al. (2010) altered a commonly used protocol by incubating PMA-treated THP-1 cells in
culture for an additional five days without PMA (Tsuchiya et al., 1980). This alteration
resulted in macrophages with increased potency of TLR2 responses and increased numbers of

lysosomes and mitochondria.

Despite differences in PMA concentrations, the expression of macrophage differentiation
markers remains unaltered in myeloid cell lines (Mael3 et al., 2014). Reducing PMA
concentration in THP-1 cells does not negatively impact macrophage differentiation. They
assessed the expression of macrophage differentiation markers, CD68 and CDI1b, in
macrophage-like cells obtained from different concentrations (100 ng/ml, 10 ng/ml, and 2.5
ng/ml) and found that the level of expression of macrophage markers and morphology did not
significantly change. As a result of the model cell lines being at different maturation stages,
concentrations of PMA cannot be standardised across all three cell lines (Fleit and Kobasiuk,

1991; Murao et al., 1983).

25


https://www.zotero.org/google-docs/?VKQxGB
https://www.zotero.org/google-docs/?PHUyvP
https://www.zotero.org/google-docs/?QFohBC
https://www.zotero.org/google-docs/?TF4Wy9
https://www.zotero.org/google-docs/?uHziGN
https://www.zotero.org/google-docs/?uHziGN
https://www.zotero.org/google-docs/?6ldCJ9
https://www.zotero.org/google-docs/?2J7JTN
https://www.zotero.org/google-docs/?F4OPoj
https://www.zotero.org/google-docs/?menugc
https://www.zotero.org/google-docs/?menugc

1.8 Assessment of myeloid differentiation

Markers for macrophage differentiation can be grouped into cell surface receptors and
secreted elements. Even though it is evident that primary macrophages are different from
myeloid cell-line-derived macrophages, cell surface markers from PBMC-derived
macrophages are used to validate the differentiation state of cell-line-derived macrophages.
The popularly used markers include CD14, CD16, and CD11b. Techniques such as flow
cytometry assess the presence of a marker to validate the differentiation state of a cell
(Daigneault ef al., 2010). Additionally, an enzyme-linked immunoassay (ELISA) can be used
to assess the expression of macrophage cytokines such as TNFea, IL1-[], IL-6, and IL-8,
while Western blots can be used to detect Mcl-1 and Bax receptors; validating the level of

differentiation.

Colbert et al.(1983) concluded that the level of expression of steady-state mRNAs was
modified during the induction of myeloid differentiation in HL-60 cells. For a transcript-level
analysis, RT-PCR is performed. Colbert et al. (1983) showed that the morphological changes
observed in these cells were a result of changes in mRNA abundances. Using gel
electrophoresis, the separation of mRNA products was assessed in undifferentiated HL-60
cells and compared to differentiated cells. This assessment revealed large differences in
quantities of mRNA obtained from differentiated and undifferentiated cells (Colbert et al.,
1983). Riddy et al. (2018) performed qPCR and compared gene expression from primary
macrophages and PMA-treated model cell lines (HL-60, THP-1, and U937). Their findings
showed that the level of expression of genes that are crucial for immune responses,
particularly, the inflammatory response, was significantly different in primary macrophages
relative to model cell line macrophages (MCLM). Some of the genes whose expression

changed differently in PMA-treated cell lines include IL6, IL1R2, IL10, and CCLA4.

Transcript expression analysis has evolved and improved through the use of next-generation
sequencing methods (NGS). RNA sequencing (RNA-seq) is a method through which RNA is
studied by converting it into cDNA and then sequencing the cDNA library (Wang et al.,
2009). This is different from qualitative analyses in that it allows quantification of gene
expression instead of merely observing gene expression. Compared to the use of microarrays,
this technique requires less prior knowledge of the transcript of the sequence of interest

(Casneuf et al., 2007). Moreover, errors observed in microarray experiments such as
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cross-hybridization are eliminated, while genes that are highly or lowly expressed are
distinguished with increased sensitivity (Casneuf et al, 2007). This is achieved through
sequencing by synthesis technologies such as the Illumina™ platform. The high-throughput
nature of RNA-seq yields a lot of data which can only be interpreted and analysed reliably

using advanced statistical and computational methods.

1.9 Aims and Objectives

Many of the challenges posed by studying myeloid differentiation using primary cells are
overcome through the use of model cell lines. In practice, model cell lines like HL-60,
THP-1, and U937 are exposed to specific treatments to induce the activity of molecular
pathways of interest. Changes in the expression of genes within these cellular pathways are
used to assess drug metabolism, cytotoxicity, the pathogenesis of various infections, and
molecular markers of diseases. However, end states derived from different cell lines have
been shown to be heterogeneous. This is mostly because the cells have different origins. They
require different concentrations of differentiation agents, like PMA, to induce differentiation,
and they differentiate at different rates. This makes it difficult to validate experiments and
compare experimental results. For example, the use of one cell line might indicate a response
to certain stimuli, whereas another cell line does not show a comparable response. As such,
there is a need to identify cell line-specific differences in levels of gene expression, which
may alter the results obtained from such studies. To improve the interpretation of results,
changes in gene expression that occur across all three cell lines and changes that are unique to

each cell line, need to be identified.

Aim
The aim of this study was thus to compare the gene expression profiles of HL-60, THP-1, and
U937 cell lines 48 hours after treatment with PMA.

Objectives

1. To compare gene expression profiles prior to and post-PMA treatment, using

Tximport v1.10
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2. To identify genes whose average expression changes in response to 48 hours of PMA
treatment, using DESeq2 v4.2
3. To determine pathways over-represented by differentially expressed genes, using

clusterProfiler v4.0

2. Methodology

2.1 RNA Sequencing Data Acquisition

In order to examine changes in gene expression induced by PMA treatment, RNA-seq data
was obtained from three previously published studies on HL-60, THP-1, and U937 cells,
respectively (Table 2.1). These cell lines were selected because they are commonly used to
study myeloid differentiation and myeloid cell function. Sequencing data from three
biological replicates, for each cell line, obtained at 0- and 48 hours post-treatment, were

analysed in this study. All data were obtained as unprocessed FastQ files.
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Table 2.1: An overview of the RNA-seq data included in this study

. ENA. PMA . Library L Sequencing
Cell Line Accession concentration Preparation Configuration Read Reference
Number (nM) Method Length
HL-60 PRINA314802 10 000 Poly-A extraction Single-end 86 bp (Ramirez et al.,
(Invitrogen 2017)
cDNA synthesis
kit)
THP-1 PRINAS533591 100 Poly-A extraction Paired-end 150 bp (Green et al.,
(TruSeq Stranded 2020)
Library
Preparation Kit )
U937 PRINA381911 80 Total RNA Paired-end 100 bp (Rossetti et al.,
extraction 2017)
(TruSeq Stranded

RNA-Seq kit )
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2.2 Assessment of RNA Sequencing Read Quality

FastQC v 0.11.9 (Andrews, S, 2010), was used to assess the quality of the sequencing
libraries included in this study. It is a commonly used tool for assessing the quality of DNA
and/or RNA sequencing data derived from both single-end and paired-end sequencing
experiments. FastQC assesses the quality of the data by evaluating it against various quality
control metrics (Table 2.2). The data are assigned a “pass”, “warning” or “fail” for each
metric, depending on whether or not they meet a specified threshold. These metrics were
evaluated in this study in order to identify any potential biases present in the sequencing data

that may affect any comparisons between treated and untreated cells, or between cell lines

(Table 2).
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Table 2.2 : Quality control metrics assessed using FastQC

Quality Control Metric

Pass threshold

Biological Significance

Per base sequence quality

Phred score >20

Indicates the accuracy of each
base call

Sequence length distribution

Uniform length in all
sequences

Indicates the accuracy of
fragment elongation

Number of reads

Uniform number of reads in
all files

Indicate sequencing depth in
each library

Duplicated sequences

Sequence duplication level =0

Indicates PCR
overamplification of DNA
fragments

Over-represented sequences

First 50 bp < 0.1% of total
reads

Detects library contamination
from sequences appearing
more than expected

Per base N content

N < 5% of the sequence

Indicates inability to make a
confident base call

Adapter content

Adapter sequences detected in
< 5% of all reads

Assesses the presence of
adapter sequences

Per base sequence content

%A, %T, %G, %C

Indicates proportion
nucleotide bases at any given
position

GC-content

Uniform GC% detection in all
sequences

Indicates GC distribution of
all sequences

Per sequence quality score

Average quality per read > 30

Indicates the quality score
distribution over all sequences
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2.3. Estimation of Transcript Abundance

Salmon v1.8.0 (Patro et al., 2017) was used to estimate the abundance of the mRNA
transcripts expressed in each cell line before and after treatment with PMA. Transcript
information was based on the Gencode v40 annotation (Frankish er al., 2021) of the
GRCh38.p13 human reference genome (GRCh38.P13 Genome Assembly NCBI, 2019).
Salmon was used because it employs a quasi-mapping approach that has much lower memory
and runtime requirements than traditional splice-aware alignment tools like HISAT2 (Kim et
al., 2019) and STAR (Dobin and Gingeras, 2015). Quasi-mapping is a technique that enables
the quantification of expression, without requiring traditional, direct base-to-base alignment
between the reference and sequencing reads (Patro et al., 2017). It also includes additional
parameters to correct for biases inherent in RNA-seq sequencing libraries that are not
available in other quasi-mapping methods like kallisto (Bray et al., 2015). Command line
parameters used in this study include --libraryType, --segBias, --gcBias,

--recoverOrphans, and - -validateMappings (Table 2.3).

The --libraryType parameter (--A) enables automatic detection of the sequencing library
type configuration. This includes the strandedness, directionality, and relative orientation (for
paired-end sequencing libraries) of each sequencing read. All sequencing libraries included in
this study were stranded, meaning each sequencing read could be quasi-mapped to either the
sense or the antisense strand. The HL-60 sequencing libraries were single-ended and thus had
no directionality or relative orientation, while the U937 and THP-1 sequencing libraries were

paired-end libraries.

Orphan mappings describe events where only one read is successfully quasi-mapped instead
of both the forward and reverse reads from a paired-end library (Srivastava et al., 2020). The
--recoverOrphans parameter was used for the paired-end U937 and THP-1 sequencing
libraries, allowing orphan reads to be included in transcript abundance estimates. However,
dovetail mappings were not allowed. Dovetail mappings are sequencing reads that map
abnormally as a result of a short fragment length inclusion in library preparation (Figure 2.1;
Srivastava et al., 2020). They generally occur randomly during library preparation and were
therefore excluded. These parameters were not necessary for the HL-60 sequencing libraries

as they were single-ended.
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Table 2.3: Command line parameters used in Salmon

Parameter Function
--libraryType Automatically detects sequencing library type
--seqBias Circumvents overestimation of transcript
abundance
--gcBias Circumvents underestimation of transcript
abundance

--validateMappings | Selects the most optimal matches between reads
and transcripts

--recoverOrphans [ [ncludes paired-end reads that lack pairs into
transcript abundance estimates

Reference transcript

A)

Figure 2.1: Comparison of expected mapping relative to dovetail mapping in paired-end
libraries. A) Paired-end reads are expected to map on opposite ends of a fragment according
to their specified orientation. B) Dovetail mapping deviates from this due to unusually short
sequences that overlap each other. This unusual mapping is not consistent in all replicates and

therefore it was not included in transcript abundance estimates.

Sequence bias is the over-representation of specific RNA-seq reads based on the sequence of

bases that occur at the start or end of sequenced fragments (Patro et al, 2017). An
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over-representation of these reads can lead to an overestimation of their assigned
transcript(s). In order to circumvent the overestimation of transcript abundance, the --seqBias
parameter was used. This method uses a variable length Markov model (VLMM) to assess
and correct for sample-specific 5'- 3’ bias (Patro et al., 2017). The model determines the
expected frequencies of bases at the start and end points of RNA-seq reads. The expected
frequencies are then compared to the observed sequences resulting in adjusted values

obtained are used to improve transcript abundance estimation.

Regions that are GC-rich are less likely to be accurately sequenced (Benjamini and Speed,
2012). This results in an underestimation of transcripts represented by GC-rich reads relative
to transcripts that are represented by non-GC-rich reads. The parameter - -gcBias is used to
determine the GC frequency of each sequencing read and compare it to the expected GC
frequency (Patro et al., 2017), effectively quantifying the extent of GC bias on each
sequencing read. By including this parameter, estimated transcript abundance values are

adjusted according to the result of any detected GC-bias.

Finally, in order to ensure that transcript abundance estimates were obtained from the most
optimal matches between reads and transcripts, the --validateMappings parameter was
used. This parameter assesses and scores matches between each sequencing read and all the
possible transcripts to which it can be quasi-mapped. Matches with the highest scores are
then selected as valid mappings to estimate transcript abundance. The raw total transcript
abundance estimates are reported as NumReads in the final output. These raw estimates are
also normalised for the effects of transcript length and sequencing depth in each sample and
these normalised abundance values are reported as transcripts per million (TPM) values in the

final output.

2.4 Differential Gene Expression Analysis

In order to identify changes in gene expression (rather than transcript abundance) in response
to PMA treatment, transcript abundance values obtained from salmon v1.8.0 (Patro et al.,
2017) were converted into gene-level expression counts using tximport v 1.10 (Soneson et
al., 2015). In order to account for differences in the composition of sequencing libraries,

analyses in this study were limited to include only sequencing reads derived from
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protein-coding genes. Genes significantly differentially expressed between PMA-treated and
untreated cells were identified using DESeq2 v 4.2 (Love et al., 2014). DESeq2 was chosen
for this study because of its suitability for studies with small sample sizes, where there is
limited variability between biological replicates, such as those conducted in cell lines (Love
et al., 2014). As a result of technical biases introduced by genome sequencers and library
preparation methods, sequencing depth across samples can sometimes differ due to random
sampling, rather than treatment conditions. To minimise the effects of differences in
sequencing depth, gene counts were therefore normalised using the median of ratios method
implemented in DESeq2 v 4.2 (Love ef al., 2014). The median of ratios method determines
the geometric mean for each gene across all samples. All gene counts are divided by the
geometric mean. The median of these ratios across all conditions is considered a size factor
for the specific gene. Gene counts used to assess differential gene expression are then scaled
by this size factor to reduce any potential bias in sequencing depth. DESeq?2 uses a Wald test
to assess the difference in the mean expression level of each gene across treatment
conditions. In the case of this study, gene expression in PMA-treated samples was assessed
relative to that in untreated samples across all three cell lines. The Benjamini and Hochberg's
(BH) procedure was used to adjust for multiple testing, providing an estimate of the false
discovery rate (FDR; Benjamini and Hochberg, 1995). An FDR significance threshold of o =

0.05 and a log, fold change threshold of 2 were used to denote significantly expressed genes.

2.5 Gene Over-representation Analysis

The R package, clusterProfiler (Yu et al, 2012), was used to perform gene
over-representation analysis (ORA). clusterProfiler performs ORA using a hypergeometric
test, in order to assess whether any particular sets of genes are present in a set of differentially
expressed genes more often than would be expected by chance. In this study, annotated gene
sets obtained from the Kyoto Encyclopedia of genes and genomes (KEGG) database
(Kanehisa et al., 2010) and Gene Ontology (GO) terms (Ashburner et al., 2000) were used
for ORA and assessed against the set of significantly differentially expressed genes obtained
from each PMA-treated cell line. The union of all the genes that were expressed in treated
and untreated cells was used as the background universe set of genes (a total of 19 357
genes). The enrichkegg and enrichGO functions were used, with a BH FDR threshold of o =
0.05 used to denote significantly over-represented KEGG pathways and GO terms.
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Chapter 3: Results

3.1 Assessment of sequencing read quality

Assessment of the quality of sequencing libraries included in this study indicated that the
sequence data was of good quality. All phred quality scores were above 20 for both treated
and untreated cells (Figure 3.1A). The average number of reads obtained from PMA-treated
HL-60, THP-1, and U937 cells, was 12 500 00, 118 600 000, and 126 300 000, respectively.
The average number of reads obtained from untreated HL-60, THP-1, and U937 cells was 19
400 000, 113 900 000, and 74 830 000, respectively (Figure 3.1B). The average percentage of
duplicate reads detected in PMA-treated HL-60, THP-1, and U937 cells was 67%, 59%, and
39%, respectively, while the average percentage of duplicate reads detected in untreated

HL-60, THP-1, and U937 cells was 67%, 59%, and 39%, respectively (Figure 3.1C).
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Figure 3.1: Assessment of sequencing read quality. A) Sequence quality scores B) Number
of sequencing reads and C) Percentage duplication in three replicates. Replicates 1, 2, and 3

are denoted by shapes in untreated (grey) and PMA-treated (pink) cells .

3.2 Estimation of transcript abundances

To determine transcript abundances in PMA-treated and untreated HL-60, THP-1, and U937
cells, RNA-seq reads were first quasi-mapped to the transcriptome using Salmon (Patro ef al.,
2017). On average, 44%, 88%, and 56% of sequencing reads from untreated HL-60, THP-1,
and U937 cells were successfully quasi-mapped to the transcriptome, respectively, while
49%, 87%, and 46% of sequencing reads from PMA-treated HL-60, THP-1, and U937 cells
were successfully quasi-mapped, respectively (Figure 3.2). The number of orphan reads
salvaged, dovetail reads discarded, and reads quasi-mapped to decoy sequences is shown in
Figure S1. Reads that were successfully mapped to transcripts were used to estimate the
abundance of each transcript. Gene-level aggregation of transcript abundances was performed

using the R package, tximport (Soneson et al., 2015). Prior to PMA treatment, 13 651 (more
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that 80%) of genes were detected across all cell lines (Figure 3.3A). Only 280 (8%) , 568
(14%) and 844 (16%) of genes detected in the untreated condition were unique to
HL-60,THP-1 and U937 cells, respectively (Figure 3.3A). Following PMA treatment, 14 159
genes (more that 90%) were present in all three cell lines (Figure 3.3B). Only 460 (2%), 728
(4%), and 330 (5%) genes were unique to treated HL-60, THP-1, and U937 cells,

respectively.
56%
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46%
$ 88% .
£ Condition
= THP-1; Untreated
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HL-601
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o

% Mapping r%tes

251

Figure 3.2: Mapping rates obtained by sequencing reads in HL-60, THP-1, and U937
prior to and post PMA treatment. Mapping rates for untreated cells are shown in grey,

while those for treated cells are shown in pink.
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Figure 3.3: The number of genes detected in HL-60, THP-1, and U937 when A)
untreated and B) PMA-treated. The number of genes present across all cell lines is shown

in grey. Uniquely expressed genes are in black.

3.3 Differential gene expression analysis

Principal components analysis of normalised gene counts revealed a clear separation of
treated and untreated samples, with 80%, 94%, and 99% of the variance captured by the first
principal component (PC1) in HL-60, THP-1, and U937 cells, respectively (Figure 3.4).
Differential gene expression analysis revealed that 2020, 2498, and 1742 genes were
significantly differentially expressed in response to PMA treatment in HL-60, THP-1, and
U937 cells, respectively (Figure 3.4). To determine the number of genes that were only
differentially expressed in specific cell lines, the set difference across all cell lines was
determined. An FDR significance threshold of a = 0.05 and a log, fold change threshold of 2
were used to denote significantly expressed genes. The number of genes that were
significantly differentially expressed in only one of the cell lines included in this study was
944 (15%), 1231 (20%), and 624 (10%) in HL-60, THP-1, and U937 cells, respectively.
Conversely, 475 (8%) genes were significantly differentially expressed across all three cell

lines (Figure 3.4), of which, 269 (57%) genes were up-regulated in response to PMA
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treatment and 206 (43%) genes were down-regulated. Only 9 (2%) of these genes were found

to be up-regulated in one cell line and down-regulated in another, or vice versa (Figure 3.5).

20+ .

-201

PC2: 15% variance
o

-40 0 40
PC1: 80% variance

()

(&)

_g 20+

©

2 0 »

& A

Al -20-

O

a . : .
-40 0 40

PC1:94% variance
C

201
n
a

-204

PC2: 1% variance

40 0 40
PC1:99% variance

Treatment

Treated
. Untreated

Replicates
B Replicate 1

: Replicate 2
Replicate 3

Figure 3.4: Principal components analysis of untreated and PMA-treated samples. (A)
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Figure 3.5: Number of genes significantly differentially expressed in HL-60, THP-1, and
U937 cells, 48 hours post-PMA treatment.
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3.4 Pathway over-representation analysis

To determine pathways over-represented in genes that were significantly differentially
expressed across all three cell lines in response to treatment with PMA, clusterProfiler (Yu et
al., 2012) was used. This identified 75 KEGG pathways as being statistically
over-represented in genes that were significantly differentially expressed across all three cell
lines (Figure 3.7). Such genes were characterised by a log, fold change fold of 2 and an FDR
significance threshold of a = 0.05. The identified pathways included numerous pathways
associated with pathogen recognition, for example, the toll-like receptor signalling pathway
and NOD-like receptor signalling pathway. Analysis of genes significantly differentially
expressed in each specific cell line only, revealed 20, 43, and 36 pathways as being
statistically over-represented in HL-60, THP-1, and U937 cells, respectively (Figure S2 and
S3). In each case, more than 50% of pathways identified were only statistically
over-represented in that cell line and not in either of the others. Pathways that were
over-represented in cell-line specific DEGs were pathways detailing metabolic processes that

were unique to each cell line.

To assess cell line-specific changes in gene expression that drive metabolic pathways in
HL-60, THP-1 and U937 cells, the nucleotide metabolism, protein metabolism and
carbohydrate metabolism and absorption pathways were further assessed (Figure 3.8).
Different metabolic pathways were assessed in each cell line because unique metabolic
processes were found to be over-represented in each cell line. A down-regulation of 81% of
genes over-represented in nucleotide metabolism was noted in PMA-treated HL-60 cells.
PMA-treated THP-1 cells showed an up-regulation of 83% of the genes over-represented in
protein metabolism. An up-regulation of 80% of genes over-represented in carbohydrate

metabolism was seen in PMA-treated U937 cells.

To determine cell-line-specific expression patterns in pathogen recognition pathways, genes
from the TLR pathway were extracted from each cell line (Figure 3.9). Genes from the
NOD-like-receptor pathway were also assessed (Figure S4). Out of 39 genes within the TLR
pathway, 19, 24, and 21 were differentially expressed in HL-60, THP-1, and U937 cells.
Cell-line-specific DEGs included 7LR3, TLR7, TLRS, and TLR9, which were only
up-regulated in THP-1 cells. There was a unique up-regulation of 7LR2 and TNF in U937
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cells. There was no differential expression of CD/4 in HL-60 cells. Out of all the DEGs, nine
genes had a conserved direction of change, and they were all up-regulated across all cell lines
(Figure 3.9B). To assess the monocytic activities of these cells, genes within the phagosome
pathway were extracted from each cell line. Out of 56 genes within the pathway, 26, 38, and
28 were differentially expressed in HL-60, THP-1, and U937 cells, respectively (Figure
3.10). Unique up-regulation of FCGR2A, FCGR2B, and FCGR31 was noted in U937 cells. A

common up-regulation of CD36 across cell lines was also noted.
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Figure 3.7: KEGG pathways over-represented in genes that were significantly

differentially expressed across all cell lines in response to treatment to PMA.
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3.5 Gene ontology over-representation analysis

To determine biological processes that were significantly over-represented in all three cell
lines in response to PMA after 48 hours, Gene ontology was used (Ashburner et al., 2000).
Genes down-regulated across all cell lines were mostly involved in cell-cycle transition
(Figure 3.11), which is the parent term for processes such as G1-S transition, mitosis and
chromosome organisation, which were the other over-represented terms. As such,
differentially expressed genes that were differentially expressed across all cell lines were
assessed further (Figure 3.12). The results showed that 34 genes detected across all three cell
lines were involved in cell-cycle regulation. A down-regulation of E2F and key cell division

cycle genes such as CDC254, CDC7 and CDCAJ5 was noted.

Up-regulated genes were involved in processes such as myeloid differentiation and leukocyte
migration (Figure 3.13). The parent term, myeloid differentiation was assessed further to
determine genes whose change in expression was important for the differentiation of all three
cell lines. The term consisted of all the genes listed in terms that describe
monocyte-to-macrophage differentiation. The results showed that 22 genes that were
differentially expressed across all cell lines were involved in myeloid differentiation (Figure
3.14). Key players in myeloid differentiation, including markers such as CSFI and CSFIR
were noted to be up-regulated across all cell lines. The transcription factors encoding the

genes, Bcl-6, CEBPB and Jun, were also up-regulated across all cell lines.
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Figure 3.11 : Gene ontology over-representation analysis of genes involved in biological

processes that were down-regulated across all cell lines.
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4. Discussion

The model cell lines HL-60, THP-1, and U937 are induced to undergo myeloid differentiation
for various immunological studies. However, the differentiated end-state of these cells may
vary due to baseline biological differences between the cell lines which requires alterations in
vitro differentiation protocols used. As such, this study aimed to compare the gene expression
profiles of these cell lines 48 hours after treatment with PMA to induce myeloid
differentiation. Results showed that genes involved in phagosome formation, and cell cycle
transition were differentially expressed irrespective of the cell line, following PMA-induced
differentiation. However, genes within the toll-like-receptor pathway showed
cell-line-specific expression patterns, suggesting differences in pathogen detection. Overall,
THP-1 cells showed a greater potential to detect viruses , while U937 cells showed a greater

potential to detect bacteria.

4.1 Quality Control

While all the sequencing data included in this study was deemed to be of high quality based
on the metrics evaluated by FastQC, the low mapping rates observed for some samples
suggest some level of either genomic DNA or non-human nucleic acid contamination in the
sequencing libraries of the HL-60 and U937 cells (Li et al., 2022). Contamination with
non-human nucleic acids can occur due to the presence of contaminating mycoplasma in the
sequenced cells (Olarerin-George and Hogenesch, 2015), or due to the presence of
contaminating nucleic acid material in the sequencer itself (Mortezaei, 2022). While both of
these contaminants are problematic, in that they reduce the number of sequencing reads
available for analysis in a study, they are not expected to appreciably affect the results of this
study, as they cannot be mapped to the human transcriptome and are therefore not included in

transcript and gene abundance estimates.

4.2 Similarity of baseline gene expression

Baseline gene expression was similar due to the leukemic origins of each cell line (Sawyers,
1999). In all three cell lines, the process of monocyte-to-macrophage differentiation was

halted. This occurred in the peripheral blood for HL-60 and THP-1 cells and in a tissue for
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U937 cells. This shows that despite differences in sample origins, these cells still maintain the
same lineage-specific genes. In support, Wang et al. (2013) showed that the transcriptomic
profiles of HL-60 and THP-1 cells were more similar, using the ribo-minus RNA-seq method

and reads mapped to the genome.

4.3 Core response to PMA treatment observed across all cell lines

Since physical changes such as the formation of phagocytic vacuoles and increasing adhesion
of cultured cells can be used to monitor the process of differentiation of cell lines in vitro
(Nichols, et al., 1971), the phagosome pathway was assessed. Irrespective of cell line, DEGs
in the phagosome pathways were detected, suggesting that all three cell lines were
undergoing transcriptional changes to support the differentiated cells’ phagocytic function.
This is supported by experimental findings, which indicate that macrophage-like cells have a
phagocytic capacity for latex beads (Swiatecka and Mackie, 2015). Phagocytic vacuoles are
also seen in vitro as these cell lines differentiate (Ueno ef al., 2021). These findings suggest
shared physical attributes in all three cell lines. Over-representation of genes involved in the
phagosome formation suggests that PMA induces an increase in the expression of genes
encoding receptors and proteins that facilitate the architecture of such structures in the cell
across all three cell lines. Such genes include pattern recognition receptors which are
important for detecting threats, opsonic receptors that mark the threat as a target, and

receptors for apoptotic cells (Lee ef al., 2020).

CD36 was up-regulated across all cell lines, which indicates that they have the potential to
remove apoptotic cells through phagocytosis (Taylor et al., 2005). The CD36 receptor is
important for the removal of apoptotic cells and bacteria (Taylor et al., 2005). PMA treatment
is sometimes associated with the induction of apoptosis (Kumbrink and Kirsch, 2013). This is
often seen in conditions where high concentrations of PMA had been used (Starr ef al., 2018).
Data used in the current study was obtained from studies where 10 000 nM, 100 nM, and 80
nM PMA was added to HL-60, THP-1, and U937 cells, respectively, which would fall within
the high range (Park et al., 2007). Assessment of optimal concentrations for THP-1
differentiation showed that 8 nM yielded the best differentiation (Park et al., 2007). It is thus
not surprising to note that the transcriptional changes observed here support a potential to

respond to apoptotic DAMPs. Apoptotic cells release signals that indicate their cell death to
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phagocytic cells. These signals are for detection and clearance. For example,
phosphatidylserine (PS) is expressed in apoptotic cells (Lee et al., 2020). Upon detection of
such signals, phagocytes exhibit an increase in the level of expression of genes that encode
receptors for the detection and clearance of apoptotic cells (Lee et al., 2020). Furthermore,
CD36 is also a marker of both monocytes and macrophages (Nicholson, 2016). Therefore, an
increase in this gene across all cell lines is indicative of the potential adoption of a

macrophage-like phenotype.

A significant down-regulation of genes involved in the regulation of cell cycle phase
transition was observed in all three cell lines following PMA treatment. This suggests that
PMA-induced differentiation decreases cell proliferation. In support, Gazova et al. (2020)
showed that PMA induces cell growth arrest by inducing the activity of p53. The observed
down-regulation of the gene encoding the E2F1 transcription factor in this study provides
further support for the cell cycle arrest, as Kovesdi ef al. (1986) showed that a decrease in the
expression of E2FI inhibits entry into the S-phase of the cell cycle. There is also
down-regulation of DNA repair and synthesis, as well as mitosis (Polager et al., 2002).
Furthermore, it allows all the cells to express genes that are important for their final functions
after differentiation. Down-regulation of cell-cycle genes leads to an extended G1-S-phase
period and delays cell division (Dalton, 2015). The G1 phase is permissive to various signals
that influence differentiation and commitment towards specific lineages. This is associated
with the decompression of chromatin allowing the reorganisation of nucleic information
based on the needs of the cell. Inhibition of cell growth suggests that all three cell lines are

committed toward terminal differentiation (Dalton, 2015).

Common up-regulation of genes within the myeloid cell differentiation pathway suggests that
all three cell lines are being prepared to take on the myeloid lineage. The CSFI gene encodes
a cytokine, CSF1, which is important for myeloid cell differentiation and proliferation
(Stanley et al., 1978). CSF1 uses the CSF-1R receptor to perform its functions (Yeung et al.,
2003). The dimerisation of CSF-1R receptors induces autophosphorylation, which leads to a
downstream signalling cascade that leads to the expression of genes that are necessary for
myeloid differentiation. These genes lead the cells toward a macrophage lineage (Bartelmez
et al., 1989). This is seen in the formation of macrophage colonies in culture. Up-regulation
of this gene also implies the activity of myeloid transcription factors such as E7S and PU. 1

(Pixley and Stanley, 2004). These transcription factors act as downstream targets of CSF1
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during differentiation. CSF1 has also been shown to up-regulate the expression of the gene
encoding the transcription factor, Jun (Nakamura ef al., 1991). This is consistent with what
was seen in this study, which implies that all three of these cells are already transcribing
genes for proliferation and regulating immune responses. Furthermore, the up-regulation of
key transcription factors for myeloid differentiation is a confirmation that the desired

response from PMA-induced myeloid differentiation is achieved in all three cell lines.

4.4 Cell line-specific responses to PMA treatment

Differential expression of genes involved in the Toll-like-receptor (TLR) pathway was
observed in HL-60, THP-1, and U937 cells, but the changes in expression observed were
seen to be cell-line-specific. HL-60 cells showed limited changes in the expression of genes
involved in TLR-signalling relative to THP-1 and U937 cells. This may be due to differences
in the developmental states of these cells. HL-60 cells are promyelocytes (Collins et al.,
1977), whereas THP-1 and U937 cells are promonocytes (Sundstrom and Nilsson, 1976;
Tsuchiya et al., 1980). This is best highlighted by the lack of change in CD14 expression
within the HL-60 cell line. CD14 is involved in the detection of bacterial lipopolysaccharides
and the removal of apoptotic cells (Devitt ef al., 1998). It requires coreceptors in order to
induce a downstream cell signalling cascade (Devitt et al., 1998). TLR2 and TLR4 are
important CD14 co-receptors for microbial ligands (Triantafilou and Triantafilou, 2002). The
lack of a significant change in the expression of CD14 in HL-60 may also be a result of the
time at which this analysis was done. This is because the baseline expression of CD14 in
THP-1 and U937 is greater relative to HL-60 which does not express CD14 in the untreated
condition. These findings are consistent with what has been shown in literature, where prior
to treatment, CD14 expression is not detected in HL-60 cells (Li ef al., 2002). In contrast,
THP-1 cells are noted to have high CD14 expression prior to treatment (Foster et al., 2005;
Ciabattini et al., 2006). It was also shown that at 48h post-PMA treatment, THP-1 cells have
significantly increased CD14 expression (Park et al., 2007).

THP-1 cells exhibited significant up-regulation of TLRs 3, 7, and 8, which was not observed

in HL-60 and U937 cells. Up-regulation of these receptors would suggest that THP-1 cells
have increased potential to detect double-stranded RNA (Alexopoulou et al, 2001). In
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contrast, U937 cells are best poised for response to bacterial PAMPs, as suggested by the
unique up-regulation of TLR2, which is important for the detection of bacterial PAMPs and
viral envelope proteins (Okamoto et al., 2009). The up-regulation of both TLR1 and TLR6 in
U937 cells implies that U937 cells may be able to detect a wider variety of microbial
products from bacteria and fungi relative to HL-60 and THP-1 cells (Okamoto et al., 2009),
as dimerization can occur between TLR2 and TLR6 or TLR2 and TLR1, which potentially
widens the variety of bacterial, fungal, and protozoal PAMPs that can be detected in U937
cells.

At 48 hours following PMA treatment, only U937 cells exhibited significant up-regulation of
genes encoding FC-y receptors,namely, FCGR3A4,FCGR2A4 and FCGR2B . This may suggest
that U937 cells have an increased potential to opsonize threats and mark them as targets for
phagocytosis. FCGR3A4 (CD16) encodes for a late macrophage-specific receptor. It was not
expected to be up-regulated in U937 as early as 48h post-PMA treatment. Even so, significant
up-regulation of FCGR3A4 in THP-1 and U937 cells is consistent with what has previously
been reported in the literature (Callanan et al., 2000; Gil Gonzalez et al., 2022). THP-1 cells
did not show significant up-regulation of FCGR2A4 and FCGR2B at 48 hours. These genes
were seen to be highly expressed in THP-1 cells prior to treatment with PMA. Fleit and
Kobasiuk (1991), performed flow cytometry and assessed the expression of Fc receptors,
FCyRIIA, and FCyRIIB (encoded by FCGR24 and FCGR2B), prior to and after PMA
differentiation. Their results showed that there is no significant change in the expression of
these receptors after treating THP-1 cells with 160 nM PMA for 48 hours (Fleit and
Kobasiuk, 1991). Fc receptors are important macrophage receptors for inducing
proinflammatory reactions and facilitating cell adhesion (Unkeless, 1989). This may indicate

that U937 cells have a potential to drive proinflammatory immune responses.

Most pathways that were over-represented in a cell-line-specific manner were metabolic
pathways showing differing metabolic capacities of these cell lines. HL-60 cells had a unique
over-representation of nucleotide metabolism, including unique down-regulation of the
CTPS?2 gene. This gene encodes a protein that deaminates glutamine to glutamate. Glutamine
is important for DNA synthesis (Moffatt and Ashihara 2002). It is an important nitrogen
donor for the synthesis of both pyrimidine and purine nucleotides, which are the building
units of nucleic acids (Moffatt and Ashihara 2002). This gene is also associated with energy
metabolism through the breakdown of ATP (Moffatt and Ashihara 2002). Down-regulation of

the gene could mean the depreciation of energy within the cell. However, the unique
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up-regulation of the AK-/ gene in HL-60 cells indicates potential for the expression of
adenylate kinase enzyme, which is important for mitochondrial energy metabolism (Janssen,
2000). The increase observed in the expression of this gene might indicate that HL-60 cells

rely on energy from mitochondrial energy metabolism undergoing differentiation.

In contrast, THP-1 and U937 use other metabolic pathways for energy production. The
unique up-regulation of the HK3 gene in U937 cells suggests that these cells use energy from
glucose metabolism (Gonzalez et al., 1964). This means that U937 cells have a potential
increase in hexokinase, the protein encoded by HK3 (Gould and Holman, 1993). As a result,
there is phosphorylation of glucose to produce glucose-6-phosphate, which is the first step
required to initiate glycolysis. Interestingly, glucose metabolism has been associated with M1
macrophages (Kelly and O’Neill, 2015), possibly suggesting that U937 cells have the
potential to reach an M1 macrophage end state. However, fully differentiated U937 cells have
been reported to lean toward an M2 end state, while THP-1 cells are more inclined to lean
toward an M1 end state (Nascimento ef al., 2022). Thus this is an interesting finding that

warrants further investigation.

4.5 Study Limitations

Ideally, in any scientific analysis, one would want the experimental conditions across
comparator groups to be as similar as possible to best compare the results. However, in this
study, there was an important difference in the methods used to prepare the sequencing
libraries obtained from PMA-treated and untreated U937 cells, relative to the other cell lines
included in this study. These sequencing libraries were prepared using an rRNA depletion
method that results in the extraction of total RNA. (Rossetti et al., 2017), whereas the HL-60
and THP-1 sequencing libraries were prepared using a poly-A selection method that results in
the sequencing of predominantly mature mRNAs (Li et al., 2022). In order to account for
these differences in the composition of the sequencing libraries, analyses in this study were
limited to include only sequencing reads derived from protein-coding genes. While this did
not completely eliminate the observed biases in library composition, it did mitigate some of
its effects on the results of this study. The analysis would have benefited from the comparison

of results from different differentiation agents. Various differentiation agents lead to unique
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cellular changes. However, in this study, only one agent was investigated. Even so, the
decision to investigate PMA as an activation agent above other agents allowed the assessment
of changes in gene expression that are similar to what would be expected in PBMC monocyte

differentiation.

5. Conclusion

Studying immunological processes using model cell lines is a common practice due to the
challenges posed by the use of primary monocytes and macrophages (Gazdar et al., 2010; van
Staveren et al., 2009). The HL-60, THP-1, and U937 cell lines are commonly used to study
the process of myeloid differentiation (Green et al., 2020; Ramirez et al., 2017; Rossetti et
al., 2017). This study has demonstrated that these cell lines express largely the same set of
genes at baseline (i.e. when untreated), but that, for the most part, different sets of genes are
differentially expressed in HL-60, THP-1, and U937 cells 48 hours after treatment with PMA.
Differentially expressed genes that were detected across all cell lines are of relevance to
phagocytosis and cell cycle regulation. All cell lines showed the potential for phagocytic
activity in response to apoptotic signals. Inhibition of cell cycle progression was noted as a
driver of myeloid differentiation. Cell line-specific differences in expression observed
involve genes of relevance to energy metabolism and pathogen recognition, and may suggest
that these cells have differing capacities to respond to pathogens. All three cell lines were
successfully undergoing myeloid differentiation as intended. However, cell-line specific
differences need to be considered for the use of these cells in experimental studies. This
would improve the reliability of results affected by target genes that show unique differential

expression patterns in different cell lines.

Future work

All the results obtained in this study were obtained through in silico analysis of published
experimental data. It would therefore be desirable to further validate these findings through
future in vitro studies. To validate changes in gene expression, genes identified as being
differentially expressed in response to PMA treatment identified in this study could be

studied using quantitative reverse transcriptase PCR. Perhaps of even more value would be to
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extend this further and assess whether changes at the mRNA level are also reflected at the

protein level. To do this, changes in protein abundance could be assessed using flow

cytometry and/or western blots. This would confirm which of the differentially expressed

genes show significant changes in protein expression.
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Supplementary Figure 2: KEGG pathways over-represented in genes that were
significantly differentially expressed in response to treatment to PMA in A) HL-60 cells,
and B) THP-1 cells. Pathways highlighted in grey were uniquely observed in HL-60 and
THP-1 cells. Pathways highlighted in black were also seen to be over-represented in the set of

genes significantly differentially expressed in all three cell lines.
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significantly differentially expressed in response to treatment to PMA in U937 cells.
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black were also seen to be over-represented in the set of genes significantly differentially

expressed in all three cell lines.
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